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Abstract 
 
The objective of this research is to investigate the interaction of local and overall 
flexural buckling in cold-formed stainless steel columns. 
Literature study exposes a lack of understanding of this subject and a need for 
experimental data, particularly on the local-overall interaction buckling of stainless steel 
open sections. Two separate experimental programs were therefore carried out. The first 
program included 36 tests on pin-ended lipped channel columns. Three alloys were 
considered: AISI 304, AISI 430 and 3Cr12. The specimens were designed to fail by 
local-overall interaction buckling in the inelastic stress range, thus highlighting the non-
linear behaviour of stainless steel. Half of the specimens were tested under a concentric 
load. The other half had the load applied with a nominal eccentricity of Le/1500. The 
test results demonstrate the imperfection sensitivity of local-overall interaction buckling 
and illustrate the shift in effective centroid in pin-ended columns with singly symmetric 
cross-section. 
The second experimental program studied local-overall interaction buckling in 24 pin-
ended stainless steel I-section columns. The specimens consisted of plain channels 
connected back-to-back using sheet metal screws. Two alloys were considered: AISI 
304 and AISI 404. Local and overall imperfections were carefully measured in both 
experimental programs. 
Extensive material testing was carried out on the alloys employed in the experimental 
program, in order to determine tensile and compressive material properties, anisotropic 
parameters and enhanced corner properties. 
A detailed finite element model is presented, which includes non-linear material 
behaviour, anisotropy, increased material properties of the corner areas and local and 
overall imperfections. The model was verified against the two aforementioned 
experimental programs and against additional data available in literature on stainless 
steel SHS columns. The model yielded excellent predictions of the specimen failure 
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mode, ultimate strength and load-deformation behaviour. 
The finite element model was used to generate additional data for stainless steel 
columns with lipped channel, plain channel, SHS and I-shaped cross-section, failing by 
local-overall interaction buckling. The parametric studies covered the practical ranges 
of overall and cross-sectional slenderness values. 
The Australian/New Zealand, European and North American standards for stainless 
steel were evaluated using the available data. The comparison reveals an inability of the 
design codes to properly account for the interaction effect as the cross-sectional 
slenderness increases. Predictions are unsafe for I-section columns with intermediate or 
high cross-sectional slenderness. 
A direct strength method is proposed for stainless steel columns, accounting for the 
local-overall interaction effect. The method offers a simple design solution which fits 
within the framework of the current Australian and North-American standards. 
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Foreword 
 
Steel has a long history in my family. It can be traced back to Benedictus Becque, who 
was born in 1833 in St.-Antelinks, Belgium. A farmer’s son, Benedictus married a 
widow by the name of Marie-Jeanne Van Hecke. Marie-Jeanne had previously been 
married to a blacksmith of the Jacobs family in the nearby village of Aspelare. 
Benedictus took over the workshop in Aspelare and became a blacksmith. He died in 
1882. As was the tradition at the time, Benedictus’ son Josephus Camille Becque (born 
1877) followed in his father’s footsteps and took up the profession of blacksmith. 
Josephus died during the Second World War. His son Albert Becque (born 1918), who 
was my late grandfather, also learnt the art of forging steel, but faced challenging times. 
Automobiles were quickly replacing the horse-drawn carriages and my grandfather had 
no choice but to leave the profession for a job in the factory. To earn extra income for 
his family of five children, Albert used the workshop behind his house to assemble 
bicycles and small motorbikes. I vividly remember my grandfather having a true 
passion for technology, despite having little formal education. When welding became 
common practice, my grandfather purchased a welding station which earned him a lot of 
extra business in the village. Until well into his retirement, he enjoyed assembling 
bicycles, swings and go-carts for the grandchildren.  
My father, Paul Becque, decided to be an engineer and specialized in electro-mechanics. 
He recently (2005) retired from a 36-year career working for Sidmar (Siderurgie 
Maritime), a giant steel mill in the industrial zone around Ghent. He started off as a 
maintenance engineer in the hot rolling section and later joined the Engineering 
Department responsible for planning and study. Since its origin in 1962 Sidmar has been 
part of the Luxemburg-based Arbed group, which in 2001 merged with the French 
Usinor to become Arcelor. Since June 2006, Sidmar is part of the ArcelorMittal group, 
the world’s largest steel producer. Within the group, Sidmar specializes in flat plate 
products of which it now produces five million tonnes a year. 
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Looking back at my family history, I have to give special credit to my grandfather for 
being able to adapt to changing times. His innovative and inquisitive nature and his 
profound interest in technology have had a vast influence in the family. It is not merely 
a coincidence that all three grandsons bearing his last name have gone on to become 
engineers. It is therefore with pride and respect that I dedicate this thesis to my late 
grandfather Albert Becque. 
 
 
Jurgen Becque 
September 2008 
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Notation 
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a =  coefficient in Eq. (7.3) 
A =  area 
Ae =  effective area 
Ag =  gross cross-sectional area 
b =  overall flange width; coefficient in Eq. (7.3) 
be =  effective width 
bflat =  flat width of the flange 
c =  overall width of the lip; coefficient in Eq. (7.3) 
Cmy =  moment gradient factor in Eq. (6.16) (AS/NZS 4673) 
COV =  coefficient of variation 
d =  overall depth of the section 
dG =  distance between the centerlines of the strain gauges on the flanges (Fig. 
4.20) 
D =  (elastic) plate flexural rigidity 
D1 =  reading of LVDT D1 (Figs. 3.16, 4.17, 4.21) 
D2 =  reading of LVDT D2 (Figs. 3.16, 4.17, 4.21) 
D* =  (inelastic) plate flexural rigidity, defined by Stowell’s Eq. (2.8) 
e =  erosion factor (Dubina and Ungureanu 2000) 
eo,end =  initial end eccentricity 
eo,mid =  eo  =  initial eccentricity at mid-length 
eN =  shift in effective centroid 
E0 =  initial Young’s modulus 
Er =  reduced modulus (Eq. 2.22) 
Es =  secant modulus 
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Et =  tangent modulus 
f* =  stress at ultimate member capacity (AS/NZS 4673) 
fEd =  stress at design member capacity (EC3) 
fn =  (inelastic) overall buckling stress (AS/NZS 4673) 
fy =  yield stress 
F =  coefficient in Hill’s anisotropic yield criterion, defined by Eq. (5.4); ratio of 
 the actual to the nominal cross-sectional dimensions 
Fm =  mean value of F  
Fv =  vector containing the viscous damping forces 
G =  coefficient in Hill’s anisotropic yield criterion, defined by Eq. (5.5) 
H =  coefficient in Hill’s anisotropic yield criterion, defined by Eq. (5.6) 
I =  second moment of area 
Ic =  second moment of area of the compressive part of the cross-section with  
     respect to the neutral axis 
It =  second moment of area of the tension part of the cross-section with  
     respect to the neutral axis 
Iyy =  second moment of area about the minor axis 
k =  local buckling factor 
kz =  axial compression-moment interaction factor defined by Eq. (6.20) (EC3) 
Kb =  (interaction) buckling load (van der Neut 1969) 
KE =  Euler load (van der Neut 1969) 
Kl =  local buckling load (van der Neut 1969) 
L =  coefficient in Hill’s anisotropic yield criterion, defined by Eq. (5.7);  
specimen length 
L0, L1, L2  =  limit lengths in van der Neut’s (1969) theory 
Lcr =  elastic local buckling half-wave length 
Le =  effective length 
M =  coefficient in Hill’s anisotropic yield criterion, defined by Eq. (5.8); ratio of 
the actual to the nominal material properties 
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Mby =  weak axis bending capacity (AS/NZS 4673) 
Mm =  mean value of M 
M* =  mass matrix 
n =  parameter in the Ramberg-Osgood Eq. (2.1) 
N =  coefficient in Hill’s anisotropic yield criterion, defined by Eq. (5.9) 
Nb,Rd =  design column buckling resistance (EC3) 
Nc =  axial compressive capacity (AS/NZS 4673) 
Ncr =  elastic local buckling load (EC3) 
Ne =  Euler load (AS/NZS 4673) 
NEd =  design member capacity (EC3)  
NL =  ratio of the stub column load to the squash load (Dubina and Ungureanu  
    2000) 
N* =  design load (AS/NZS 4673) 
P =  load 
P0.2% =  yield load, as per Eq. (5.24) 
Pcr =  elastic local buckling load 
Plb =  inelastic local buckling load 
Pne =  inelastic overall buckling load 
Pnl =  local-overall interaction buckling capacity 
Pu =  ultimate load 
Pu,n =  ultimate load obtained from experiment or numerical study 
Pu,p =  predicted ultimate load 
r =  corner radius, measured along the centerline of the plate 
rcy =  radius of gyration of one channel about the principal axis parallel to its web 
ry =  radius of gyration of the cross-section about the minor axis 
R11, R22, R33    =  ratio of the yield stress in the 1-, 2- or 3-direction to the reference  
      yield stress (Eq. 5.11) 
R12, R23, R13    =  ratio of yield stress in shear within the respective plane to the  
reference yield stress in shear (Eq. 5.11) 
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s =  standard deviation 
t =  plate thickness 
v =  vector containing the nodal velocities 
vo =  overall imperfection about the minor axis at mid-length 
vo,x =  overall imperfection about the x-axis at mid-length 
vo,y =  overall imperfection about the y-axis at mid-length 
vflange =  amplitude of the local imperfection of the flange  
vm =  overall imperfection about the major axis at mid-length 
vweb =  amplitude of the local imperfection of the web 
VD =  coefficient of variation of the dead load 
VF =  coefficient of variation of F 
VL =  coefficient of variation of the live load  
VM =  coefficient of variation of M 
w =  plate deflection 
We,z =  effective section modulus about the weak axis (EC3) 
x =  coordinate along the longitudinal specimen axis 
y =  transverse in-plane coordinate (perpendicular to the longitudinal axis) 
y1, y2  =  distances from the centroid to the extreme fibres 
 
Greek letters 
 
α =  alloy dependent coefficient in Eq. (6.6); dimensionless parameter measuring  
the local buckling amplitude (van der Neut 1969) 
αny =  moment amplification factor (AS/NZS 4673) 
β =  reliability index; alloy dependent coefficient in Eq. (6.6);  
    slenderness parameter (Gardner and Nethercot 2004b) 
γM0 =  partial safety factor (EC3) 
γM1 =  partial safety factor (EC3) 
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Δ =   imperfection relative to the specimen ends 
Δmid =  value of Δ at mid-length 
Δt =  time increment 
Δu =  vector containing an increment in the nodal displacements 
ε =  strain; material parameter defined by Eq. (6.11) (EC3) 
ε1 =   average reading of the strain gauges on the compression side 
ε2 =   average reading of the strain gauges on the tension side 
εt =  true strain 
η =  variable defined by Eq. (6.6); slope of the load-strain diagram of a plate in 
     the post-buckling range (van der Neut 1969) 
θ =   angle with the rolling direction 
κ =  parameter in Stowell’s Eqs. (2.7) and (2.9) 
λ =  slenderness 
λlimit =  limit slenderness (Eqs. 7.3, 7.4) 
λl =  slenderness for interaction buckling, as defined by Eq. (7.1); 
 coefficient in Eq. (6.6) 
λo =  overall slenderness; coefficient in Eq. (6.6)  
λp =  plate slenderness 
λs =  cross-sectional slenderness 
μ =  damping coefficient 
ν =  Poisson’s ratio 
ρ =  ratio of the effective width to the width of a plate element 
σ =  stress 
σ0 =  reference yield stress 
σ0.01% =  proportionality limit (0.01% proof stress) 
σ0.2% =  0.2% proof stress 
σ0.2%,c =  0.2% proof stress of the corner material 
σ0,11, σ0,22 ,σ0,33    =  yield stress in the 1-, 2- and 3-direction 
σ11, σ22, σ33      =  normal stress components in the 1-, 2- and 3-direction 
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σ11,0.2% =  0.2% proof stress in the 1-direction 
σ22,0.2% =  0.2% proof stress in the 2-direction 
σc =  compressive residual stress  
σcr =  σcr,El  =  elastic local buckling stress  
σcr,f =  (inelastic) overall flexural buckling stress 
σcr,Inel =   inelastic local buckling stress 
σD,0.2% =  0.2% proof stress in the diagonal direction within the 1, 2-plane 
σE =  elastic overall buckling stress 
σlb =   experimentally measured (inelastic) local buckling stress 
σt =  true stress 
σu =  ultimate tensile strength 
τ =  plasticity reduction factor 
τ0 =  reference yield stress in shear 
τ0,12, τ0,13, τ0,11    =  yield stress in shear within the respective plane 
τ12, τ23, τ13      =  shear stress components within the respective plane 
φ, ϕ =  variable defined by Eq. (6.5)/ Eq. (6.13); resistance factor 
φb =  resistance factor in bending (AS/NZS) 
φc =  resistance factor in compression (AS/NZS) 
χ =  overall buckling coefficient, defined by Eqs. (6.14) and (6.15) (EC3) 
ωd =  amplitude of the local buckling imperfection 
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Chapter 1 
 
 
Introduction 
 
 
1.1 Background 
 
Stainless steel is found in a wide range of structural applications ranging from trusses to 
wall cladding, roof sheeting, canopies, storage tanks and stainless steel rebar. 
Because of its corrosion resistance stainless steel is a material of choice in highly 
aggressive and corrosive environments, such as marine environments, chemical 
industries and wastewater treatment plants. It is also used extensively in the food 
processing industry where clean surfaces are required. Its superior corrosion resistance 
goes hand in hand with reduced maintenance costs and low lifecycle costs, which offset 
the relatively high unit price of stainless steel in comparison to carbon steel in a variety 
of applications. In other cases stainless steel is valued because of its ability to retain 
strength at elevated temperatures, or because of its esthetical appeal and architectural 
value (Fig 1.1).  
A number of reasons can be put forward why thin-walled cold-formed sections offer a 
particularly interesting field of application for stainless steel:  
y Utilizing the post-buckling capacity of locally buckled plates, cold-formed 
sections offer a high strength-to-weight ratio. This is particularly important seen 
the high initial cost of stainless steel alloys. 
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y Stainless steel is widely available in thin sheets as a result of its popularity in 
many non-structural applications, such as household appliances. 
y The cold-working undergone during the manufacturing process will result in 
corner areas with significantly enhanced material properties and increased load 
bearing capacity.  
y The use of stainless steel virtually eliminates the natural vulnerability to corrosion 
which carbon steel thin-walled sections exhibit due to their large ratio of surface to 
volume. 
Because of their limited wall thickness however, thin-walled section columns become 
susceptible to local and distortional as well as overall buckling modes and the possible 
interaction between these modes needs to be studied as part of the process to develop 
safe and economical design guidelines.   
 
 
Figure 1.1. Stainless Steel Flagpole at Parliament House - Canberra 
 
Stainless steel exhibits a stress-strain behaviour that is distinctively different from that 
of conventional carbon steel. Generally its stress-strain curve is highly nonlinear with a 
low proportionality stress, causing the material to lose stiffness at relatively low stress 
levels. Furthermore, the mechanical properties of stainless steel can be significantly 
altered by cold-working. Besides generally enhancing the material strength while 
decreasing the ductility, cold-working processes (such as the rolling process of stainless 
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steel sheets) have the effect of introducing anisotropy into the material. Properties will 
be different in different directions and will differ in tension and compression.  
Because of the distinctive properties of stainless steel the governing design rules for 
carbon steel cannot directly be applied to stainless steel structures. This conclusion 
however stands in contrast with the observation that most design codes for cold-formed 
stainless steel structures around the world are directly based on the design rules for 
cold-formed carbon steel.   
Extensive research has been carried out to study singular buckling modes (local, overall 
and distortional buckling) in stainless steel cold-formed columns and to develop safe 
design guidelines to account for these types of instabilities. An overview of some major 
achievements in this research is provided in Chapter 2. No specific research has yet 
been conducted on the interaction of buckling modes, particularly local-overall 
interaction, in stainless steel cold-formed columns. 
 
1.2  Objectives and Scope 
 
The objective of the research is to study the interaction of the local and the overall 
(flexural) buckling mode in cold-formed stainless steel columns, in particular:  
 
y The research aims to remedy the lack of experimental data available on local-
overall interaction buckling of stainless steel columns. While some data is 
available on the local-overall interaction buckling of stainless steel SHS and RHS 
columns, no data is present on the interaction buckling of open section columns, 
both of singly symmetric and of doubly symmetric cross-section. 
y Through numerical studies the research intends to increase the amount of relevant 
data on which further research can be based. 
y The research aims to evaluate the current Australian/New Zealand, North-
American and European design guidelines for stainless steel relating to local-
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overall interaction buckling. 
y This thesis seeks to present simple and accurate design guidelines accounting for 
local-overall interaction buckling of stainless steel columns, which fit within the 
framework of the existing standards. A direct strength method of the form 
currently included in the North-American and Australian cold-formed carbon steel 
standards was selected for this purpose. 
 
1.3  Methodology 
 
The objectives of the research were achieved as follows. 
Two separate experimental programs on stainless steel columns failing in local-overall 
interaction buckling were undertaken. A first program investigated lipped channel 
columns, while the second program studied I-section columns comprised of back-to-
back channels. All columns were tested between pinned ends. When studying local-
overall interaction buckling in pin-ended columns, a fundamental difference arises 
between columns of singly symmetric cross-section and columns of doubly symmetric 
cross-section. A singly symmetric section undergoes a shift in effective centroid when 
the section buckles locally, as a result of the asymmetric redistribution of the 
longitudinal stresses following local buckling (Rhodes and Harvey 1977). This leads to 
an eccentricity of the applied load and thus to additional bending in pin-ended columns 
(Fig 1.2). Once local buckling takes place, the column essentially becomes a beam-
column. However, this phenomenon does not occur in singly symmetric fixed-ended 
columns (Rasmussen and Hancock 1993), where the reaction moments at the specimen 
ends effectively balance the shift in effective centroid. In locally buckled doubly 
symmetric columns the redistribution of the longitudinal stress does not cause a shift in 
effective centroid. 
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Before Local Buckling After Local Buckling
Centroid
Line of action of internal force
Singly symmetric
Doubly symmetric
 
Figure 1.2. Stress Redistribution in a Locally Buckled Section 
 
The experimental study of columns with singly symmetric cross-section encompassed 
36 tests of pin-ended lipped channel columns. Three stainless steel alloys were 
considered: austenitic AISI304, ferritic AISI430 and a ferritic-like weldable chromium 
steel, commonly referred to as 3Cr12. The columns were designed to fail in local-
overall interaction buckling without any influence of the distortional mode, and to 
undergo failure in the inelastic range to incorporate the effect of the gradual loss of 
material stiffness into the test results. 18 specimens were tested under a nominally 
concentric load. The remaining specimens had the load applied with a nominal 
eccentricity of Le/1500 towards the web, where Le is the effective length. 
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The experimental program of columns with doubly symmetric cross-section included 24 
tests of pin-ended I-section columns. The specimens were fabricated by connecting 
cold-formed channels in a back-to-back configuration using sheet metal screws. The 
alloys considered were austenitic AISI304 and ferritic AISI404. All specimens were 
tested with a nominal eccentricity of Le/1500. 
A detailed finite element model was developed using the ABAQUS finite element 
software. The model included non-linear stress-strain behaviour, anisotropy and 
enhanced corner properties, and accounted for local and overall imperfections. The 
accuracy and reliability of the model was verified against the aforementioned 
experimental programs. Additional data was generated for lipped channel, plain channel 
and I-section columns failing in local-overall interaction buckling, covering the 
practical ranges of overall and cross-sectional slenderness values and including 
austenitic, ferritic and 3Cr12 alloys. Numerical data was also generated for stainless 
steel SHS columns with high cross-sectional slenderness, after verification of the model 
against an experimental program by Rasmussen and Hancock (1993).   
Data available in literature on the local-overall interaction buckling of stainless steel 
SHS and RHS was combined with the experimentally and numerically obtained data to 
form a database which was used in the evaluation of the current Australian/New 
Zealand, North American and European design standards for stainless steel. 
The available data was used in the development of a direct strength method (DSM) for 
stainless steel columns, accounting for local-overall interaction. The proposed DSM for 
stainless steel is an modification of the DSM recently included in the Australian/New 
Zealand standards for cold-formed carbon steel AS/NZS 4600 (2004) and Appendix I of 
the North American Specification for Cold-Formed Steel Structural Members (AISI 
2004). The proposed DSM was developed within the Load and Resistance Factor 
Design (LRFD) framework and based on a reliability analysis developed by Lin et al. 
(1988). 
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1.4  Outline 
 
This thesis is presented in two volumes. Volume I contains the main text. In particular: 
 
Chapter 1 presents an introduction to the thesis. 
 
Chapter 2 contains a review of the relevant literature. Important achievements in the 
study of elastic and inelastic local and overall buckling modes are reviewed. Different 
approaches which have been developed in the study of local-overall interaction buckling 
are also summarized.  
 
Chapter 3 discusses the experimental program on stainless steel columns with a singly 
symmetric cross-section (lipped channels). 
 
Chapter 4 discusses the experimental program on stainless steel columns with a doubly 
symmetric cross-section (back-to-back channels). 
 
Chapter 5 contains the numerical work, including a detailed description of the finite 
element model, the verification of the element model against experimental results and 
the parametric studies.     
 
Chapter 6 evaluates the current design practices for stainless steel. The available data is 
compared to the predictions of the Australian/New Zealand, North American and 
European standards for stainless steel.  
 
Chapter 7 is dedicated to the development of a direct strength method for stainless steel 
columns failing by local-overall interaction buckling.  
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Chapter 8 presents the conclusions of the research. 
 
Volume II contains all the appendices. 
 
1.5  Publications 
 
The following research reports, conference papers and journal paper are based on the 
research presented in this thesis: 
 
Research Reports 
 
Becque, J., and Rasmussen, K.J.R. (2006). “Experimental Investigation of the 
Interaction of Local and Overall Buckling of Cold-Formed Stainless Steel 
Sections.” Research Report No. 873, School of Civil Engineering, University of 
Sydney, Sydney. 
 
Becque, J., and Rasmussen, K.J.R. (2007). “Experimental Investigation of the 
Interaction of Local and Overall Buckling of Stainless Steel I-Sections.” 
Research Report No. 887, School of Civil Engineering, University of Sydney, 
Sydney. 
 
Becque, J., and Rasmussen, K.J.R. (2008). “Numerical Investigation and Design 
Methods for Stainless Steel Columns failing by Interaction of Local and Overall 
Buckling.” Research Report No. 888, School of Civil Engineering, University of 
Sydney, Sydney. 
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Conference Papers 
 
Becque, J., and Rasmussen, K.J.R. (2007). “Experimental Investigation of the 
Interaction of Local and Overall Buckling of Stainless Steel Columns.” Recent 
Developments in Structural Engineering, Mechanics and Computation, 
Proceedings of the Third International Conference on Structural Engineering, 
Mechanics and Computation, Cape Town, South Africa. 
 
Becque, J., and Rasmussen, K.J.R. (2007). “Numerical Investigation of the Interaction 
of Local and Overall Buckling of Stainless Steel Columns.” Recent 
Developments in Structural Engineering, Mechanics and Computation, 
Proceedings of the Third International Conference on Structural Engineering, 
Mechanics and Computation, Cape Town, South Africa. 
 
Becque. J., and Rasmussen, K.J.R. (2008) “Experimental Investigation of the 
Interaction of Local and Overall Buckling of Stainless Steel I-Columns.” 
Proceedings of the Fifth International Conference on Coupled Instabilities in 
Metal Structures, Sydney, Australia.  
 
Becque. J., and Rasmussen, K.J.R. (2008) “Numerical Investigation of the Interaction of 
Local and Overall Buckling of Stainless Steel I-Columns.” Proceedings of the 
Fifth International Conference on Coupled Instabilities in Metal Structures, 
Sydney, Australia. 
 
Becque. J., Lecce, M., and Rasmussen, K.J.R. (2008) “The Direct Strength Method for 
Stainless Steel Compression Members.” Proceedings of the Fifth International 
Conference on Coupled Instabilities in Metal Structures, Sydney, Australia. 
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Journal Paper 
 
Becque, J., Lecce, M., and Rasmussen, K.J.R. (2008). “The Direct Strength Method for 
Stainless Steel Compression Members.” Journal of Constructional Steel 
Research, in press. 
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Chapter 2 
 
 
Literature Review 
 
 
2.1  Stainless Steel 
 
2.1.1  Stainless Steel Alloys 
 
The term ‘stainless steel’ covers a wide range of iron-based alloys, characterized by a 
minimum chromium content of 10-12%. Slightly varying numbers can be found in 
literature, but it is generally agreed that a minimum chromium content of about 10.5% 
to 11% is needed for a protective surface layer of chromium oxide to form, which gives 
stainless steel its superior corrosion resistance. This passive film is non-porous, highly 
resistant against chemical attacks and has the capability of regenerating itself if 
damaged, as long as oxygen is present. Significantly higher percentages of chromium 
may be found in stainless steel. For instance, the commonly available 304 and 316 
alloys contain 18% chromium and 8% nickel. Nickel and small amounts of 
molybdenum are commonly added to stainless steel to increase the stability of the 
passive layer and increase ductility and weldability. A wide range of literature is 
available on the metallurgy of stainless steel. An introductory text is available in Lula 
(1965). More information is provided by the American Iron and Steel Institute (AISI 
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1991), the Australian Stainless Steel Development Association (ASSDA 2007), and the 
appendices of Eurocode3, Part 1.4 (Eurocode3-1.4 2004) and the Australian Standard 
for cold-formed stainless steel structures (AS/NZS 4673 2001). The American Iron and 
Steel Institute also published the Steel Products Manual – Stainless and Heat Resisting 
Steels (AISI 1974a), which discusses the chemical composition and mechanical 
properties of the most common stainless steel alloys.  
Stainless steel alloys used in structural applications can be categorized into three main 
groups: austenitic, ferritic and duplex. This classification depends mainly on the atomic 
structure, which is intrinsically linked to the chemical composition (Lula 1965, AISI 
1991). The austenitic alloys have a face-centered atomic structure. They possess 
excellent ductility, weldability and corrosion resistance and can be hardened by cold-
working. Ferritic alloys have a body-centered atomic structure. They have good 
ductility and corrosion resistance. Compared to the austenitic alloys they exhibit 
reduced weldability and a reduced ability to work-harden, but generally produce higher 
strengths. The duplex alloys consist of a mixed crystal structure of austenitic and ferritic 
stainless steel. They possess excellent ductility and corrosion resitance, good 
weldability and generally reach higher strengths than the austenitic alloys. 
Different labeling systems for stainless steels are in use. Both the Australian and the US 
standards have adopted the AISI system, where the 200 and 300 series cover the 
austenitic steels and the 400 series is reserved for the ferritic steels. The AISI system 
will be adhered to throughout this thesis. Other commonly used systems are the Unified 
Numbering System (ASTM 2002) and the EN-10088 Standard (EN-10088 1995) 
introduced by the European Committee for Standardisation. 
The main incentive for the use of stainless steel in practical applications is its excellent 
corrosion resistance. However, it should be noted that stainless steel can be susceptible 
to a number of particular corrosion mechanisms, such as crevice corrosion, pitting 
corrosion, abrasion corrosion, intergranular corrosion and galvanic corrosion. Increasing 
the molybdenum or nitrogen content of stainless steel greatly increases the resistance 
against pitting and crevice corrosion. Expert advice should always be sought when 
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using stainless steel in highly corrosive environments.       
Not all stainless steel alloys are used in structural applications. Some are deemed 
unsuitable because of lack of ductility or weldability. Stainless steels with very high 
alloy content are also infrequently used because of their cost. Currently, “lean” stainless 
steels with low nickel content are gaining in popularity because of high nickel prices. 
 
2.1.2  Stress-strain behaviour 
 
Stainless steel alloys exhibit a pronouncedly non-linear stress-strain behaviour with low 
proportionality limit. A 0.2% proof stress is commonly used to replace the yield stress, 
and is defined as the stress corresponding to 0.2% plastic strain. The Ramberg-Osgood 
equation (1943) is a common way to model the non-linear stress-strain behaviour: 
n
%2.00
002.0
E ⎟⎟⎠
⎞
⎜⎜⎝
⎛
σ
σ+σ=ε
        (2.1) 
The equation is determined by three parameters: the initial Young’s modulus E0, the 
0.2% proof stress σ0.2% and the parameter n, which characterizes the roundness of the 
stress-strain curve and can be calculated from the following relationship: 
( )
( )%01.0%2.0ln
20lnn σσ=         (2.2) 
where σ0.01% is the 0.01% proof stress or proportionality limit. The stress-strain curve 
displays a rounder shape and more pronounced nonlinearity for lower values of n.  
Research (Mirambell and Real 2000; Rasmussen 2003; Gardner and Nethercot 2004a) 
has shown that beyond the 0.2% proof stress the Ramberg-Osgood equation can 
significantly overestimate the stresses associated with a particular strain. Therefore, 
Gardner and Nethercot (2004a) presented a stress-strain relationship valid for stresses 
beyond the 0.2% proof stress, based on the work by Mirambell and Real (2000). 
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However, the equation requires data additional to the three Ramberg-Osgood parameters 
available in the current design codes, which limits its use. Rasmussen (2003) overcame 
this problem by presenting a two-stage stress-strain relationship which can be solely 
described on the basis of the Ramberg-Osgood parameters. Abdella (2007) presented a 
two-stage stress-strain model which can be applied to tension as well as compression, 
and which expresses stress as a function of strain.  
 
2.1.3  Work-Hardening and Anisotropy 
 
Hill (1950) conducted research on the development of anisotropy in metal plates as a 
result of the rolling process and presented a mathematical expression for an anisotropic 
yield criterion. This criterion was used in the numerical investigation which is part of 
this thesis and is discussed in detail in Chapter 5. 
Olsson (1998; 2001) developed a more complex model of the plastic anisotropic 
behaviour of stainless steel, based on biaxial material tests. A mixed isotropic/kinematic 
hardening rule allowed modeling of the cross-effect, which is hardening of the material 
in a direction perpendicular to the load, while also accounting for the Bauschinger-effect. 
Olsson’s research was further extended by Gozzi (2004). 
As a result of cold-working the corner areas of cold-formed sections typically exhibit 
significantly increased material properties. This effect was investigated by van den Berg 
and van der Merwe (1992), Gardner and Nethercot (2004a) and Ashraf et al. (2005a), 
who each presented mathematical expressions to predict the enhanced corner strength. 
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2.2  Buckling of Plates 
 
2.2.1  Elastic Plate Buckling 
 
St. Venant (1883) derived the differential equation describing buckling of an elastic 
plate which is loaded in-plane. In case a compressive stress σ is applied in the 
longitudinal x-direction, the equation becomes: 
0
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∂+∂
∂
     (2.3) 
where w is the plate deflection, t is the plate thickness and D is the flexural rigidity. 
Bryan (1891) solved the equation for a plate with simply supported edges, while 
Timoshenko (1910) considered several other cases of boundary conditions. 
The non-linear equations governing the post-buckling behaviour of geometrically 
perfect plates were developed by von Karman (1910). Marguerre (1939) modified the 
theory to include initial imperfections. Approximate solutions to Marguerre’s equations 
based on energy methods have been presented by Yamaki (1959), Timoshenko and Gere 
(1961) and Rhodes and Harvey (1971). Other approximations have been obtained by 
Basu and Chapman (1966) using finite differences, and by Walker (1969) using a 
perturbation method.  
A summary of papers on the post-buckling behaviour of plates was written by Fok and 
Murray (1985). The analysis and behaviour of plates in the post-buckling range was also 
extensively discussed by Aalami and Williams (1979).  
 
2.2.2  Elastic Buckling of Plate Assemblies 
 
Lundquist et al. (1943) applied the method of moment distribution to the stability 
equations of plate assemblies which buckle locally under uniform compression. 
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The approach adopted by Bleich (1952), Chilver (1953) and Bulson (1967) was to solve 
the differential equations of each plate component, while satisfying the static and 
kinematic continuity conditions at the junctions of the plate components. Bulson (1970) 
further extended the research and presented charts of the buckling coefficient as a 
function of the cross-sectional parameters for different types of cross-sections. 
Wittrick (1968a, 1968b) developed a matrix method for the stability analysis of plate 
assemblies, which accounted for distortional buckling.  
The finite strip method was developed by Przemieniecki (1973), Planck and Wittrick 
(1974) and Cheung (1976). The method uses polynomial displacement functions in the 
transverse direction and continuously differentiable harmonic functions in the 
longitudinal direction and holds a computational advantage over the finite element 
method. It was extensively used in research by Graves Smith and Sridharan (1978), 
Hancock (1978) and Murray and Thierauf (1981). Lau and Hancock (1986) employed 
the spline finite strip method, which is able to account for arbitrary end boundary 
conditions. The finite strip method in various forms was also used by Dawe (1977), 
Chong and Lavdas (1984), Key and Hancock (1988), Golley and Grice (1989), Kwon 
and Hancock (1989), Polyzois (1991), Au and Cheung (1993), Lin and Raoof (1994), 
Zhong et al. (1998), Sheikh and Mukhopadhyay (2000), Hong et al. (2004), Shahidi et 
al. (2005) and Ovesy et al. (2006). Eccher (2007) modified the finite spline theory to 
include sections with perforations. 
 
2.2.3  Post-Buckling Capacity of Steel Plates 
 
The post-buckling strength of steel plates was discovered experimentally in 1928 and a 
theory for it was first presented by von Karman, Sechler and Donnell (1932), who are 
credited with introducing the effective width concept. The concept is based on the 
observation that in the post-buckling range the longitudinal stresses will redistribute 
away from the centre of the plate and towards the edges. Longitudinal strips of material 
adjacent to the longitudinal supports are assumed to carry the total load, bearing a 
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uniform stress equal to the maximum stress of the actual stress distribution (Fig. 2.1).  
 
 
Figure 2.1. Effective Width Concept 
 
Based on research on cold-formed steel sections at Cornell University, Winter (1940, 
1947) developed an equation to determine the effective width be of compressed plate 
elements simply supported along both longitudinal edges: 
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where the plate slenderness λp is given by: 
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In Eq. (2.5) b is the plate width, t is the plate thickness, E is the Young’s modulus, k is 
the local buckling coefficient and Fmax is the maximum stress as indicated in Fig. 2.1. 
Based on accumulated experience, Winter (1970) later proposed a more accurate 
equation to determine the effective width: 
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2.2.4  Inelastic Plate Buckling 
 
Ilyushin (1947) proposed a theory describing inelastic plate buckling, but based his 
work on the assumption of elastic unloading on the concave side of the plate. Taking 
into account Shanley’s (1947) insights, Stowell (1948) reworked Ilyushin’s theory and, 
based on plastic deformation theory, derived a differential equation describing buckling 
of a plate of a non-linear material, loaded in-plane by a compressive stress in the 
longitudinal x-direction: 
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with: 
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Eq. (2.7) depends on the tangent modulus Et and the secant modulus Es and a solution is 
not straightforward. Bleich (1952) obtained closed form solutions for certain cases of 
boundary conditions.  
As an alternative to Eq. (2.7), Bleich (1952) proposed:  
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E0 is the initial Young’s modulus and Et is the tangent modulus. The equation follows 
from deformation theory and assumes that when buckling is reached the plate still 
behaves elastically with the initial modulus E0 in the transverse direction. The term 
√EtE0, linked to the shear stiffness, was chosen somewhat arbitrarily to allow an easy 
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solution of the differential equation. Bleich considered his theory “a semi-rational 
method which can only be justified by its good agreement with the experiment”. The 
buckling stress resulting from Eq. (2.10) can be written as: 
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which is the expression for the elastic local buckling stress, multiplied by a plasticity 
reduction factor τ: 
0
t
E
E=τ
              (2.12) 
Equation (2.11) provides good agreement with the experiment for plates simply 
supported along both edges. 
Since inelastic overall buckling of columns is governed by the tangent modulus Et, 
while inelastic buckling of plates is governed by √EtE0, it can be concluded that 
inelastic buckling of plates is less affected by gradual yielding than columns.  
Van den Berg (2000) tested stainless steel zed and hat sections and concluded that the 
plasticity reduction factor τ should be calculated as: 
0
t
E
E=τ  for stiffened compression members         (2.13) 
0
s
E
E=τ  for unstiffened compression members         (2.14) 
 
2.2.5  Post-Buckling Capacity of Stainless Steel Plates 
 
Rasmussen et al. (2003) carried out tests on single stainless steel plates, as well as 
extensive finite element studies. The research resulted in the presentation of a modified 
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Winter equation for stainless steel plates, which determines the plate strength in terms 
of the Ramberg-Osgood parameters. It was also demonstrated that, as a result of gradual 
yielding, the strength of stainless steel plates is reduced below the strength of carbon 
steel plates, as predicted by the Winter equation, by up to 13%.    
 
2.2.6  Compressive Capacity of Stainless Steel Plate Assemblies 
 
Johnson and Winter (1966) conducted four-point bending tests on austenitic 304 
stainless steel hat sections, subjecting the top flange to uniform compression. They 
concluded that the Winter equation, predicting the strength of carbon steel plates, can 
also be used to determine the strength of stainless steel plates in a plate assembly. While 
this conclusion is seemingly contradictory to the research carried out on single stainless 
steel plates, Rasmussen et al. (2003) demonstrated that the effect of gradual yielding in 
stainless steel plate assemblies is offset by the increased corner properties, resulting 
from cold-working. Therefore the Winter equation can be used to predict the strength of 
stainless steel plate assemblies with good accuracy, provided that the corner area 
constitutes at least 10% of the cross-sectional area for low-strength austenitic and 
ferritic alloys, or 15% for duplex and high-strength austenitic alloys. 
Research by Burgan et al. (2000) resulted in a different set of equations for the effective 
width of cold-formed stainless steel plate assemblies:  
 - for internal elements (stiffened): 
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2.3  Column Buckling 
 
2.3.1  Classical Elastic Theories 
 
Euler (see Timoshenko 1953) solved the flexural buckling problem of a column with 
flexural rigidity EI under a concentric load P. The differential equation describing the 
problem is (Timoshenko and Gere 1961): 
0
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            (2.17) 
where v is the lateral deflection of the column and x is the coordinate along the 
longitudinal axis. Timoshenko and Gere (1961) present solutions to Eq. (2.17) for 
different cases of boundary conditions. The general solution can be written as: 
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where Le is the effective length, which depends on the specific boundary conditions. 
Timoshenko and Gere (1961), Bleich (1952) and Yu (1979) developed the buckling 
theory of a general column, of which the cross-section can be classified as having two 
axes of symmetry, a singly axis of symmetry, or no axis of symmetry. The differential 
equations include the lateral displacements in two perpendicular planes and the cross-
sectional rotations about the shear centre as unknown functions. It was demonstrated 
that the number of distinct buckling modes depends upon the number of axes of 
symmetry of the cross-section. The overall modes can include a purely flexural mode, a 
purely torsional mode or a combined flexural-torsional mode. 
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2.3.2  Inelastic Overall Buckling 
 
Engesser (1889) proposed to modify the Euler equation (2.17) to account for flexural 
buckling of columns of a non-linear material as follows: 
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where Et is the tangent modulus. As a result: 
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Eq. (2.19) is based on the assumption that the bending stresses resulting from overall 
buckling are proportional to Et. However, as the column starts to bend laterally, elastic 
unloading may occur on the concave side of the column. Therefore, Engesser (1895) at 
a later stage revised his theory and proposed the reduced modulus approach, where: 
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Ic and It are the second moments of area of the parts of the cross-section subjected to 
compression and tension with respect to the neutral axis respectively, and I is the second 
moment of area of the full cross-section with respect to the centroidal principal axis.  
Compared to the experiment, the tangent modulus approach (Eq. 2.20) yields better 
predictions than the reduced modulus approach (Eq. 2.21). Shanley (1947) explained 
this seeming contradiction by pointing out that a column cannot remain straight at loads 
above the tangent modulus buckling load. If the column was to remain straight, then the 
 
Chapter 2   Literature Review 
                                                                                      
 23
tangent stiffness of all points in the cross-section would be Et and the column would be 
in a state of unstable equilibrium. Therefore, the column must start to buckle at a load 
given by Eq. (2.20). Shanley used a simplified strut model to demonstrate that the axial 
force does not remain constant during overall buckling, but rather that the elastic 
unloading effect results in post-buckling capacity.  
The inelastic post-buckling reserve is generally small for columns and consequently the 
tangent modulus buckling load is a conservative yet reasonably accurate measure of the 
inelastic column capacity.  
Rasmussen and Rondal (1997, 2000) proposed an explicit design method for the overall 
buckling of stainless steel columns. The approach avoids the iterative calculations 
associated with the tangent approach. Given the column slenderness λ, the column 
strength can be obtained from a Perry curve with alloy dependent coefficients, which 
can be calculated from the Ramberg-Osgood parameters. 
Lin et al. (2005) proposed an explicit design equation for cold-formed austenitic 
columns failing in flexural buckling by applying a Taylor series expansion to the tangent 
modulus equation. 
 
2.3.3  Experimental Work on Stainless Steel Columns 
 
Johnson and Winter (1966) conducted 15 tests on 304 alloy columns, composed of 
channels arranged in two different configurations: placed back-to-back to form an I-
section, and arranged in a box shape. All columns failed in overall flexural buckling. It 
was concluded that the test results agreed well with the tangent modulus approach. 
Johnson and Winter also recognized the influence of the work-hardened corners, which 
is more pronounced in the box section, due to the location of the corners relative to the 
neutral axis.    
Long column tests on austenitic stainless steel SHS and RHS were carried out by 
Rasmussen and Hancock (1993), Hyttinen (1994), Talja and Salmi (1995), Liu and 
Young (2003), Young and Liu (2003), Gardner and Nethercot (2004d), and Gardner et al. 
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(2006). Young and Lui (2006) also carried out column tests on duplex SHS and RHS. 
The majority of the data relates to pure overall buckling, although some results bear the 
influence of local-overall interaction.  
Ellobody (2007) considered cold-formed square and rectangular hollow section columns 
with and without web stiffeners in duplex stainless steel. 
Austenitic stainless steel CHS columns were tested by Rasmussen and Hancock (1993), 
Talja (1997) and Young and Hartono (2002).  
Bredenkamp et al. (1998) experimentally investigated the strength and behaviour of hot-
rolled and built-up 3Cr12 I-columns, failing by overall buckling. 
Stub column tests on hollow sections were performed by Rasmussen and Hancock 
(1993), Young and Hartono (2002), Kuwamura (2003), Liu and Young (2003), Young 
and Liu (2003), Gardner and Nethercot (2004c), Young and Lui (2006), Ellobody 
(2007), and Gardner et al. (2006). Kuwamura (2003) also performed stub column tests 
on angle, lipped channel, plain channel and I-sections. Stangenberg (2000) reported stub 
column tests on welded I-sections. Lecce and Rasmussen (2005) tested lipped channel 
stub columns.  
Distortional buckling of stainless steel columns was experimentally studied by Lecce 
and Rasmussen (2006). 
 
2.4  The Interaction of Local and Overall Buckling 
 
2.4.1  The van der Neut Column 
 
Van der Neut (1969) theoretically investigated the interaction between local and overall 
buckling in an idealized column made of a perfectly elastic material. The column 
consists of two flanges supported along both edges by infinitely thin webs, which do not 
contribute in the load carrying capacity (Fig. 2.2). Van der Neut’s work provides clear 
and important insights into the nature of local-overall interaction buckling.  
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Figure 2.2. The van der Neut Curve (excerpt of van der Neut 1969) 
 
Fig. 2.2 shows the buckling curve of a van der Neut column without local or overall 
imperfections. For lengths greater than L1 the column fails in overall Euler buckling. 
For shorter lengths, the local buckling load Kl is reached before Euler buckling takes 
place. In the locally buckled shape the bending stiffness of the column is given by ηEI, 
where η is the slope of the load-strain diagram of the flange plate in the post-local 
buckling range. van der Neut used the results of work by Hemp (1945), who 
demonstrated that η is fairly constant over an extended strain range past the local 
buckling point and can be taken as η = 0.4083 for plates of which the longitudinal edges 
are free to pull in. As a result, the reduced overall buckling load in the post-local 
buckling range is given by ηKE, with KE = π2EI/L2. For column lengths between L1 and 
L2, equilibrium at a load Kl is stable if:    
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Eq. (2.23) expresses that the column post-buckling capacity, given by Engesser’s double 
modulus formula, has to be greater than the local buckling load Kl, and results in:  
L2 < L < L0, with L0 = 0.761 L1. Columns with L0 < L < L1 are in a state of unstable 
equilibrium once the local buckling load is reached and collapse explosively. 
 
 
Figure 2.3. Effect of a Local Imperfection on the Buckling Load (excerpt of 
van der Neut 1969) 
 
In a second step, van der Neut added a local imperfection in the shape of the local 
buckling mode to the model. η was in this case obtained from a Ritz-Galerkin 
approximate solution of the von Karman equations. Fig. 2.3 shows the non-dimensional 
buckling load Kb/Kl as a function of KE/Kl for different values of α = a/t, where a is the 
local buckling amplitude and t is the flange thickness. It is seen that the local 
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imperfection can cause a severe reduction in column capacity, and that the effect is most 
pronounced in the vicinity of the local buckling load (KE/Kl = 1). For instance, a 
reduction of 30% was calculated for α = 0.2. It was also demonstrated that in the region 
where the perfectly straight column displays unstable collapse, the peak of the load-
shortening curve gets smoothened out as a result of the imperfection and the instability 
almost vanishes for α = 0.2. 
Van der Neut (1973) also investigated the effect of an overall imperfection on the van 
der Neut column. The research concluded that the presence of an overall imperfection 
has a similar negative effect on the column strength, displaying the most detrimental 
effect around KE/Kl = 1, but extending its influence over a larger zone (compared to the 
local imperfection) into the region where KE > Kl. 
Van der Neut’s studies assumed a purely elastic material. Yielding, or gradual yielding, 
has the effect of further reducing the column capacity. 
 
2.4.2  Bifurcation Analyses of a Locally Buckled Column 
 
A number of approaches have been developed to predict the flexural rigidity of a locally 
buckled column. Once the reduced flexural rigidity has been obtained, it can be 
substituted into the Euler equation to yield a prediction of the column strength when the 
section is doubly symmetric. The flexural rigidity is thereby assumed to be constant 
along the length of the column. 
Bijlaard and Fisher (1953) used the method of split rigidities and obtained good 
agreement with the experiment.  
Graves Smith (1969) obtained the flexural rigidity using a Rayleigh-Ritz solution of the 
von Karman equations and incorporated plasticity.  
Kalyanaraman et al. (1977) calculated the flexural rigidity of thin-walled I-section 
columns from the effective section properties and obtained satisfactory agreement with 
the experiment.  
Hancock (1981) used an elastic finite strip post-buckling analysis to obtain the flexural 
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rigidity of box and I-section columns. Using this method Davids and Hancock (1986) 
obtained good agreement with test results on thin-walled I-section columns. 
 
2.4.3  Beam-Column Analyses of a Locally Buckled Column 
 
Rhodes and Harvey (1977) presented an analysis where the overall behaviour of a 
locally buckled channel section column was determined using the differential equation 
of an eccentrically loaded pin-ended column. The overall analysis was linked to a post-
local buckling analysis of a single local buckle. This latter analysis provided the internal 
force and moment for a given combination of axial strain and minor axis curvature. 
Good agreement with test results was reported.  
Lindström (1982) developed a similar theory, assuming a sinusoidal shape for the 
overall buckling mode, and applied it to pin-ended I-columns.  
Both theories determined the flexural rigidity of a local buckle at the column mid-height 
and assumed the flexural rigidity to be constant along the length. Moreover, the analyses 
were only applicable to pin-ended columns. Both short-comings were remedied in a 
theory proposed by Davids and Hancock (1987). 
Based on a virtual work formulation, Rasmussen (1997) derived a theory of locally 
buckled columns, of which the applicability extends to flexural and flexural-torsional 
buckling of columns with singly symmetric cross-section. Using this approach Young 
and Rasmussen (1997) obtained good agreement with tests on pin-ended thin-walled 
channels. Rasmussen (2007) also applied his theory to locally buckled point-symmetric 
columns. 
 
2.4.4  Perturbation Theory 
 
The perturbation theory (or asymptotic theory) proposed by Koiter (1945) was further 
developed by Budiansky and Hutchinson (1966), Budiansky (1974), and Byskov and 
Hutchinson (1977) to study the interaction between buckling modes. The theory 
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possesses the advantage that the higher order displacement fields can be determined 
from a set of linear equations. The main shortcoming is that the perturbation theory is 
only valid in a small region around the point of expansion. 
Byskov (1983) applied his formulation to the van der Neut column and concluded that 
local buckling modes with a half-wave length close to the half wave-length of the 
primary local buckling also play an important role in local-overall interaction buckling 
when the local buckling half wave-length is much smaller than the overall length.  
Benito and Sridharan (1984) used the formulation by Byskov and Hutchinson (1977) to 
study the interaction of both local and flexural buckling and local and flexural-torsional 
buckling of channel section columns. It was concluded that flexural buckling is more 
severely affected by the loss of stiffness due to local buckling than flexural-torsional 
buckling. 
 
2.4.5  Finite Strip Analysis of Interaction Buckling 
 
Lengyel and Cusens (1983) developed an elastic finite strip analysis to study the post-
buckling behaviour of plate assemblies. The formulation included both local and overall 
buckling modes and allowed for large in-plane buckling deformations. 
Mofflin (1983) used an inelastic finite strip analysis accounting for large deflections to 
model the behaviour of aluminium plates and plate assemblies. 
Recently, Adany and Schafer (2006) used the finite strip method to decompose the 
buckling modes of thin-walled members with open cross-section into pure overall, 
distortional and local buckling modes. 
 
2.4.6  Generalized Beam Theory 
 
Schardt (1994) originally developed the second order Generalized Beam Theory (GBT) 
and presented it as an adequate method for coupled stability problems. Leach and 
Davies (1996) and Davies (1998) used GBT extensively to investigate the elastic 
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buckling behaviour of cold formed open cross-sections. While the early formulations of 
GBT were only applicable to elastic buckling analyses of isotropic thin-walled members 
with unbranched open cross-sections, Silvestre and Camotim (2003) developed new 
GBT formulations to deal with open branched and closed cross-sections, while 
Gonçalves and Camotim (2004, 2007) applied the GBT to aluminium and stainless steel 
columns, accounting for plasticity. Gonçalves et al. (2008) developed a more general 
formulation of the GBT which was able to deal with both closed sections and open 
branches. Silvestre (2007) extended the GBT domain of application to curved-wall 
members. Bebiano et al. (2007) incorporated terms in the formulation which accounted 
for longitudinal stress gradients and the corresponding shear stresses, making it possible 
to perform GBT analyses on thin-walled beams under non-uniform bending. 
 
2.4.7  The Direct Strength Method 
 
The Direct Strength Method (DSM) presents a simple design approach which is gaining 
rapid acceptance in North America and Australia/New Zealand. The underlying idea is 
that the strength of the section can be determined from the elastic instabilities of the 
section (i.e. local, distortional and overall buckling) in combination with the yield stress 
fy. A slenderness parameter λ is defined as follows: 
b
yf
σ=λ               (2.24) 
where σb is the elastic buckling stress for local, distortional or overall buckling, which 
can be determined from an analytical or a numerical method such as the finite strip 
method. The resistance against local, distortional or overall buckling is then determined 
from a direct equation. Essentially the method can be seen as an extension of the 
conventional approach for overall buckling of columns.  
In the DSM, interaction between local and overall buckling is accounted for by relating 
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the elastic local buckling stress σcr to the overall buckling stress σo, rather than to the 
yield stress fy in the definition of the slenderness: 
cr
o
σ
σ=λ
              (2.25) 
The interaction between local and distortional buckling and between distortional and 
overall buckling is considered weak and is not included in the current formulation of the 
DSM (Schafer and Peköz 1998a). Recent experimental work by Yang and Hancock 
(2004) has questioned whether local-distortional interaction should be included in some 
specific cases. Early findings in ongoing research by Yap and Hancock (2006) 
confirmed that local-distortional buckling can be important in certain sections. Dinis et 
al. (2007) conducted a numerical analysis, proving that the ultimate strength of lipped 
channel columns can be strongly affected by local-distortional interaction. 
Historically, the origin of the DSM can be traced back to research into distortional 
buckling of rack post sections at the University of Sydney (Lau and Hancock 1987, 
Kwon and Hancock 1992). Hancock et al. (1994) demonstrated that for a large variety 
of cross-sections the measured distortional buckling strength correlated well with the 
slenderness determined on the basis of the elastic distortional buckling stress. 
Schafer and Peköz (1998a) developed the DSM beyond distortional buckling, based on 
tests on a wide range of cold-formed cross-sections, including simple lipped channels, 
lipped channels with web stiffeners, zed sections, hat sections and rack post sections, 
failing in local, distortional, overall flexural or overall flexural-torsional modes. In 
addition interaction between buckling modes was systematically studied.  
The main advantage of the DSM lies in its simplicity and hence its suitability to be 
incorporated into design rules. Complex cross-sectional shapes, e.g. with folded-in 
stiffeners, which would be cumbersome to design using the effective width concept, can 
be easily dealt with and do not increase the complexity of the design method. Since the 
buckling stress is calculated from an elastic analysis, the DSM accounts for 
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compatibility and equilibrium between the plate elements comprising the section, unlike 
the effective width method, where plate elements are considered individually and are 
assumed not to restrain each others buckling deformations. 
Schafer and Peköz (1998a) reported a fundamental limitation of the DSM: if one part of 
the cross-section becomes so slender that the elastic critical buckling stress approaches 
zero, then the DSM predicts that the member strength becomes zero. Hat sections with 
wide compression flanges without stiffeners fall in this category. The DSM tends to 
yield overly conservative predictions for this type of a section, while use of the effective 
width method results in reasonable predictions. 
Since the DSM is based on an abstraction of the cross-section type, it becomes 
important for the user to be aware of the types of cross-sections which are included in 
the derivation of a particular DSM. Hence the concept of pre-qualified sections was 
introduced. Sections which fall within specific geometric and material limitations can 
be designed using the DSM with the prescribed safety factors. For other sections more 
conservative safety factors should be adhered to. 
The DSM has been extensively developed for cold-formed carbon steel columns and 
beams (Schafer and Peköz 1998a). Zhu and Young (2007) developed a DSM for welded 
and non-welded aluminium SHS and RHS columns. 
 
2.4.8  Erosion of the Critical Bifurcation Load 
 
The Erosion of the Critical Bifurcation Load (ECBL) method was proposed by Dubina 
and Ungureanu (2000). The method hinges on the determination of the erosion factor e. 
If NL is the ratio of the stub column capacity to the squash load, then the erosion factor e 
for local-overall interaction is defined as the ratio of the strength of a column with 
overall slenderness λ = 1/√NL (taking into account interaction and imperfection effects), 
to NL (Fig. 2.4). e can be determined from experimental or numerical data. Once the 
erosion factor e is known, the strength curve for local-overall interaction is given by an 
Ayrton-Perry curve, where the generalized imperfection factor is a function of e. 
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Dubina and Ungureanu present two approaches to determine NL, using either the 
effective section approach or a local plastic mechanism.  
 
 
Figure 2.4. The Interactive Buckling Model based on the ECBL Theory.  
 
 
2.4.9  The Continuous Strength Method 
 
Gardner and Nethercot (2004b) argued that due to the rounded shape of the stainless 
steel stress-strain curve (as opposed to the idealized bilinear shape of carbon steel), the 
cross-section classification employed by the European design code for stainless steel is 
essentially extraneous. Instead a continuous approach based on the deformation capacity 
of stainless steel cross-sections was proposed. The method was originally presented for 
closed sections (Gardner and Nethercot 2004b) and later extended to include open 
sections as well (Ashraf et al. 2005b, Nethercot et al. 2006). Gardner (2007) also 
applied the concept to carbon steel, taking into account the strain-hardening range of the 
material, at which point the name “Continuous Strength Method” was used. 
A slenderness parameter β is defined based on the most slender element in the cross-
section as: 
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             (2.26) 
where σ0.2% is the 0.2% proof stress of the material, E0 is the intial Young’s modulus, b 
is the flat plate width, t is the plate thickness and k is the local buckling coefficient. 
Based on stub column test data, an empirical relationship has been derived between the 
slenderness β and the axial strain at the peak of the load-shortening curve εLB. Once εLB 
is known, the stress σLB is calculated from the material stress-strain curve. The column 
strength Nb,Rd is then given by: 
LBgRd,b AN σχ=
             (2.27) 
where Ag is the gross cross-sectional area and χ is the overall buckling factor, calculated 
using a Perry-Robertson equation which fits within the framework of Eurocode 3. 
In this method no calculation of effective section properties is required. Gardner and 
Nethercot (2006) justified their approach by a good correlation with test results. They 
reported a mean ratio of test to prediction of 0.99 with a coefficient of variation of 0.11. 
 
2.5  Current Design Standards for Stainless Steel 
 
2.5.1  US Standards 
 
The earliest design code which specifically addressed stainless steel structural members 
was published by the American Iron and Steel Institute in 1968 under the title 
“Specification for the Design of Cold-Formed Stainless Steel Structural Members”. This 
design specification was based on the allowable stress design method and borrowed 
heavily from the research carried out by Johnson and Winter (1966). A revised version 
of the standards was published in 1974 (AISI 1974b).  
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In 1986 a research project was undertaken at the University of Missouri-Rolla under the 
sponsorship of the American Society of Civil Engineers (ASCE) with the purpose of 
developing the Load and Resistance Factor Design (LRFD) criteria for the design of 
cold-formed stainless steel structural members and connections. Previously, the LRFD 
approach had been successfully applied to hot-rolled steel shapes and was documented 
in the 1986 AISC “Manual of Steel Construction: Load and Resistance Factor Design” 
(AISC 1986). During this time period Hsiao et al. (1989) developed the LRFD design 
rules for cold-formed steel structural members. Lin et al. (1988) completed the LRFD 
approach for stainless steel structural members and based on their work the 
ANSI/ASCE-8 Structural Stainless Steel Design Standard was published in 1991 (ASCE 
1991). This publication effectively superseded the AISI standards for stainless steel. 
The most recent guidelines for stainless steel structures are contained in the 2002 ASCE 
Specification for the Design of Cold-Formed Stainless Steel Structural Members (ASCE 
2002). 
It should also be mentioned that the recently published Appendix I of the North 
American Specification for Cold-Formed Steel Structural Members (AISI 2004) allows 
for the direct strength method (Schafer and Peköz 1998a) to be used as a valid 
alternative to the effective width method in the design of columns and beams.  
 
2.5.2  European Standards 
 
The Euro Inox “Design Manual for Structural Stainless Steel” was published in 1994, 
following a joint industry project managed by the UK Steel Construction Institute (Euro 
Inox 1994). This research was reflected in the European design standard for stainless 
steel Eurocode3 ENV-1993-1-4 (1996) published in 1996.  
In 1997 a major European research project started to further develop design rules for 
stainless steel structural members, with the support of the European Coal and Steel 
Community (ECSC), the Nickel Development Institute and stainless steel producers in 
the UK, Sweden, Finland, France, Germany and Italy.   
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The current guidelines for stainless steel structural members are contained in Part 1.4 of 
Eurocode3 EN-1993-1-4 (2006): “Structures in Stainless Steel.”, which is to be read in 
combination with Eurocode3 EN-1993-1-3 (2006): “Cold-Formed Thin Gauge 
Members and Sheeting.” and also makes reference to Eurocode3 EN-1993-1-5 (2006): 
“Strength and Stability of Planar Plated Structures without Transverse Loading.”.  
 
2.5.3  Australia/New Zealand Standards 
 
In 1998 committee BD/86 was assembled by Standards Australia with the purpose of 
preparing an Australian standard for the design of stainless steel structures.    
The committee decided to base the Australian Standard on an existing standard and the 
North American ANSI/ASCE-8 (ASCE 1991) rules as well as European ENV-1993-1-4 
(1996) rules were considered. Some opposition was voiced to the iterative nature of 
some of the ANSI/ASCE-8 design equations and to the fact that the ANSI/ASCE-8 
standards were based on an increased target reliability index of 3.0 rather than 2.5. 
Nevertheless, the ANSI/ASCE-8 Specification was chosen as the basis for the 
Australian standard, mainly because the Australian Standard for Cold-Formed Carbon 
Steel Structures AS/NZS 4600 was based on the AISI Specification. Hence, more 
consistency could be obtained between the Australian standards for cold-formed 
stainless steel and cold-formed carbon steel. 
Some additions were made to the original ANSI/ASCE Specification, specifically: (i) 
new design rules for tubular members and welded tubular connections were included (ii) 
an explicit design approach was provided for columns failing by overall flexural 
buckling, based on the research of Rasmussen and Rondal (1997) and (iii) mechanical 
properties for a wider range of alloys were presented. 
A draft of the new Australian standard was completed in December 1999 and made 
available for public comment in January 2000 (Standards Australia 2000). The standard 
AS/NZS 4673 (2001) was published in November 2001. 
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Chapter 3 
 
 
Experimental Study of Singly 
Symmetric Cross-Section Columns 
 
 
3.1 Introduction 
 
An experimental program was set up to investigate the interaction between local and 
overall buckling in thin-walled stainless steel columns with singly symmetric cross-
section. More specifically, the sections considered in this program were lipped channels 
manufactured using a conventional brake-pressing procedure. A total of 36 specimens 
were tested, using the facilities in the J.W. Roderick Materials and Structures 
Laboratory at the University of Sydney. The 36 tests can be subdivided into 3 groups of 
12 according to the type of stainless steel alloy considered. Using the designation 
common to both the Australian and North American standards, the three alloys under 
consideration were 304, 430 and 3Cr12. 304 classifies as an austenitic stainless steel, 
while 430 is a ferritic stainless steel and 3Cr12 is a chromium weldable stainless steel 
with ferritic-like properties. The respective designations under the EN-10088 system 
are: 1.4301, 1.4016 and 1.4003. 
The specimens were tested between pinned end conditions. Half of the specimens were 
tested with the load applied concentrically at the centroids of both end sections. Twin 
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specimens were tested with the load applied with a nominal eccentricity of Le/1500, 
where Le is the effective length. 
The experiments were designed bearing in mind a number of boundary conditions. 
Firstly and most importantly, the specimens were designed to fail purely through 
interaction of local and overall buckling modes, with no interference of the distortional 
buckling mode. Secondly, failure stresses in the specimen were aimed to fall within the 
inelastic range of the stress-strain curve, in order for the test results to include the effect 
of gradual yielding on the specimen capacity. Thirdly, the specimen design needed to be 
compatible with the geometry of the supplied stainless steel sheets. 304, 430 and 3Cr12 
material was provided in sheets with thicknesses of 1.96mm, 1.13mm and 1.98mm 
respectively and with a length in the rolling direction of 1741mm, 1831mm and 
2440mm respectively.   
 
3.2 Material Properties 
 
An extensive material testing program of the 304, 430 and 3Cr12 materials was 
undertaken as part of the research described by Lecce (2006). Tensile and compressive 
tests were carried out on the virgin plate material, as well as on the cold-worked corners. 
The test specimens which formed the subject of (Lecce 2006) and the specimens 
employed in this program were manufactured from the same supply of stainless steel 
sheets. 
A number of additional material tests were carried out within the framework of this 
program to confirm the original results and eliminate the possibility of the materials 
having undergone changes in their properties due to aging or other factors during a two 
year storage period. 
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3.2.1  Tensile Properties of the Flat Material 
 
Table 3.1 displays the measured tensile properties of the 304, 430 and 3Cr12 flat plate 
materials, as obtained from (Lecce 2006). It should be noted that the values in Table 3.1 
are static material properties derived from the original dynamic stress-strain curves, 
whereas the material properties reported in (Lecce 2006) are dynamic values. The term 
dynamic here refers to the material properties obtained without halting the test and 
allowing the load to settle. It should be noted however that these values still relate to 
very low strain rates. 
Table 3.1 lists the initial Young’s modulus E0, the proportionality stress σ0.01%, the 0.2% 
proof stress σ0.2%, the ultimate tensile strength σu, the Ramberg-Osgood parameter n 
calculated according to Eq. (2.2) and the elongation after fracture. These properties are 
presented for the rolling direction (LT = longitudinal tension), the transverse direction 
(TT = transverse tension) and the diagonal direction (DT = diagonal tension).  
 
Table 3.1. Measured Tensile Material Properties (Lecce 2006) 
Material Dir. θ E0 σ0.01% σ0.2% σu n Elong. 
  o (1) GPa MPa MPa MPa - % 
LT 0 193 138 243 693 5.5 76 
DT 45 198 184 246 693 10.5 78 304 
TT 90 205 186 250 700 10 79 
LT 0 185 190 286 443 7.5 34 
DT 45 213 205 309 460 7.5 32 430 
TT 90 211 238 301 453 13 33 
LT 0 195 215 328 475 7 37 
DT 45 199 214 359 465 6 34 3Cr12 
TT 90 229 273 374 491 9.5 33 
(1) θ  is the angle between the rolling direction and the direction considered. 
 
In addition to the results displayed in Table 3.1, 11 tensile coupons, also taken from the 
flat plate material, were tested. Five coupons were cut in either the longitudinal (304, 
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430) or the transverse (3Cr12) direction to confirm the results of Table 3.1. Six coupons 
were cut at an angle of 30 degrees with the rolling direction in order to get a more 
general picture of the anisotropy. It should be noted that, when using Hill’s plasticity 
rule to model material anisotropy, material tests in three independent directions are 
necessary to determine the coefficients in Hill’s equation. Testing in a fourth direction 
can be used to check the results. 
All tensile coupons were manufactured according to the specifications of AS/NZS 1391 
(1991) “Methods for tensile testing of metals”. They were tested in a 300 kN capacity 
MTS Sintech 65/G machine, operated in displacement control mode. A displacement 
rate between 1.2 mm/min and 2.0 mm/min was applied, which approximately 
corresponded to a strain rate of 3x10-4/s to 5x10-4/s. These rates fall within the range of 
2.5x10-4/s to 2.5x10-3/s recommended by AS/NZS 1391 (1991). The tests were halted 
for 2 minutes when first yielding was observed and at regular intervals throughout the 
test, to allow for the static material properties to be determined. All coupons were 
instrumented with an extensometer with a 40 mm base. Selected coupons were also 
instrumented with strain gauges at mid-height on both sides of the specimen, to allow a 
more accurate determination of the initial Young’s modulus and of the proportionality 
stress. 
Table 3.2 gives an overview of the static test results. The complete stress-strain curves 
can be found in Appendix A. The specimens were labeled in a way consistent with the 
system used in (Lecce 2006), where the designation includes the material alloy, 
followed by a serial number and a code indicating the direction of the coupon axis 
relative to the rolling direction of the plate. The code can be LT (= Longitudinal 
Tension), TT (= Transverse Tension), DT (= Diagonal Tension), or 30T (= Tension 
under an angle of 30 degrees with the rolling direction). For instance, under this 
convention 304-2_LT is the second tension coupon cut along the rolling direction of a 
sheet of 304 stainless steel.   
It can be seen that the test results are in good agreement with the earlier results, listed in 
Table 3.1, thus confirming their validity.  
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Table 3.2. Coupon Test Results: Tensile Properties of the Flat Material 
Specimen Material θ Instrumentation Strain Rate E0 σ0.01% σ0.2% σu n 
- - o  (1) (2) mm/min  GPa MPa MPa MPa - 
304-3_LT 304 0 Ex 2.00 191 177 246 685 9.0 
430-3_LT 430 0 Ex 2.00 201 174 274 427 6.5 
430-4_LT 430 0 Ex 2.00 196 192 275 409 8.5 
3Cr12-3_TT 3Cr12 90 Ex 2.00 208 281 380 484 10.0 
3Cr12-4_TT 3Cr12 90 Ex 2.00 214 294 383 488 11.5 
304-1_30T 304 30 Ex, SG 2.00 197 166 240 669 8.0 
304-2_30T 304 30 Ex 2.00 197 176 247 669 9.0 
430-1_30T 430 30 Ex, SG 1.20 209 185 292 445 6.5 
430-2_30T 430 30 Ex 1.20 214 238 290 441 15.0 
3Cr12-1_30T 3Cr12 30 Ex, SG 2.00 205 224 337 442 7.5 
3Cr12-2_30T 3Cr12 30 Ex 1.20 225 266 340 445 12.0 
(1)  θ   is the angle between the rolling direction and the longitudinal axis of the test coupon. 
(2)  Ex = Extensometer, SG = Strain Gauges 
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Table 3.3 combines all the experimental results of the 304, 430 and 3Cr12 tensile testing 
of the flat material, including the (Lecce 2006) data and the 11 additional tests, and 
provides average values of the available data. Anisotropy ratios for each direction, 
defined as the ratio of the 0.2% proof stress in that particular direction over the 0.2% 
proof stress in the rolling direction, are also provided. It can be seen that the 304 
material displays very little, if any, anisotropic behaviour in tension, whereas the rolling 
process has introduced more significant anisotropy in the 430 and 3Cr12 sheets. 
Generally, the rolling direction exhibits the lowest 0.2% proof stress, while the 
transverse direction generally displays the highest 0.2% proof stress. The maximum 
anisotropy ratio is encountered for the 3Cr12 material in the transverse direction, where 
an increase of 15% in the 0.2% proof stress is observed relative to the rolling direction. 
Table 3.3 also illustrates the highly nonlinear behaviour of stainless steel alloys, which 
is reflected in low proportionality stresses and low n-values. 
 
Table 3.3. Average Measured Tensile Material Properties 
Material Dir. θ E0 σ0.01% σ0.2% σu n Aniso. 
  o (1) GPa MPa MPa MPa - Ratio 
LT 0 192 158 245 689 7 1.00 
30T 30 197 166 243 669 8 1.00 
DT 45 198 184 246 693 10.5 1.00 
304 
TT 90 205 186 250 700 10 1.02 
LT 0 192 187 280 431 7.5 1.00 
30T 30 209 185 291 443 6.5 1.04 
DT 45 213 205 309 460 7.5 1.10 
430 
TT 90 211 238 301 453 13 1.07 
LT 0 195 215 328 475 7 1.00 
30T 30 205 224 339 443 7 1.03 
DT 45 199 214 359 465 6 1.09 
3Cr12 
TT 90 220 280 378 489 10 1.15 
(1) θ  is the angle between the rolling direction and the direction considered. 
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Table 3.4 presents the tensile material properties stipulated in AS/NZS 4673 (2001). A 
comparison with Table 3.3 indicates that the values of σ0.2% and σu proposed by the 
standards are generally conservative. The 0.2% proof stresses are underestimated by 
15% to 18% for the 304 and 3Cr12 materials, while the proposed proof stresses are 
within 3% for the 430 alloy. Similarly, the ultimate tensile strength values σu are 
accurate within 5% for the 430 alloy, but underestimated by 25% for the 304 alloy and 
by up to 8% for the 3Cr12 alloy. The anisotropic yield ratios correspond well, especially 
for the 304 and 3Cr12 alloys. The n-values are reasonably well predicted by the 
standards, with the exception of the 304 alloy in the transverse direction. 
   
Table 3.4. AS/NZS 4673 Specified Tensile Material Properties 
Material Dir. θ E0 σ0.01% σ0.2% σu n Aniso. 
  o (1) GPa MPa MPa MPa - Ratio 
LT 0 195 140 205 520 7.5 1.00 
304 
TT 90 195 118 205 520 5.5 1.00 
LT 0 185 195 275 450 8.5 1.00 
430 
TT 90 200 250 310 450 14 1.13 
LT 0 195 155 280 435 9 1.00 
3Cr12 
TT 90 220 215 320 460 11.5 1.14 
(1) θ  is the angle between the rolling direction and the direction considered. 
 
Table 3.5 presents the tensile material properties specified by EuroCode3, Part 1-4 
(2006). EC 3 states different n-values for the longitudinal and the transverse directions 
but fails to recognize the anisotropy in 0.2% proof stress introduced by the rolling 
process. It should be noted that the proportionality stresses listed in Table 3.5 are not 
directly specified by EC3, but are calculated from the n-values using Eq. (2.2). The 
0.2% proof stresses predicted by EC3 are consistently on the conservative side, 
underestimating the measured values by at least 6% for the 304 alloy and up to 25% for 
the 3Cr12 alloy. The ultimate tensile strengths are underestimated by 22% for the 304 
alloy, by 5% to 8% for the 3Cr12 alloy and are within 5% for the 430 alloy. The n-
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values are reasonably well predicted by EC3. 
 
Table 3.5. EC3 Part 1-4 Specified Tensile Material Properties 
Material Dir. θ E0 σ0.01% σ0.2% σu n Aniso. 
  o (1) GPa MPa MPa MPa - Ratio 
LT 0 200 140 230 540 6 1.00 304 
(1.4301) TT 90 200 158 230 540 8 1.00 
LT 0 220 158 260 450 6 1.00 430 
(1.4016) TT 90 220 210 260 450 14 1.00 
LT 0 220 183 280 450 7 1.00 3Cr12 
(1.4003) TT 90 220 213 280 450 11 1.00 
(1) θ  is the angle between the rolling direction and the direction considered. 
 
3.2.2  Compressive Properties of the Flat Material 
 
Table 3.6 displays the measured compressive material properties of the flat 304, 430 and 
3Cr12 materials. The listed values result from an experimental program of which the 
details are explained in (Lecce 2006). The reader is referred to this work for a thorough 
understanding of the test set-up and the testing procedure. It should be noted however 
that the 0.2% proof stresses, and consequently the n-values, listed in Table 3.6 pertain to 
the static stress-strain curves, whereas the values listed in (Lecce 2006) are dynamic 
values, measured at a low strain rate. 
Comparison between Tables 3.3 and 3.6 illustrates that stainless steel alloys can exhibit 
different properties depending on the direction of the applied stress: tension or 
compression. Typically the proportionality limit and the 0.2% proof stress are reached 
sooner in compression than in tension as a result of the Bauschinger effect.  
It can be seen from Table 3.6 that anisotropic yielding is again most pronounced in the 
3Cr12 alloy while it manifests itself least in the 304 alloy.   
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Table 3.6. Average Measured Compressive Material Properties 
Material Dir. θ E0 σ0.01% σ0.2% n Aniso. 
  o (1) GPa MPa MPa - Ratio 
LC 0 176 148 234 6.5 1.00 
DC 45 190 164 238 8.0 1.02 304 
TC 90 209 183 247 10.0 1.05 
LC 0 193 170 265 6.5 1.00 
DC 45 191 242 292 16 1.10 430 
TC 90 210 228 295 11.5 1.11 
LC 0 208 217 328 7.5 1.00 
DC 45 197 295 362 14.5 1.10 3Cr12 
TC 90 217 325 379 19.5 1.15 
(1) θ  is the angle between the rolling direction and the direction considered. 
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Figure 3.1. Compressive Stress-Strain Curves of the Flat Material 
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Figure 3.1 shows the longitudinal compressive stress-strain curves of the flat plate 
materials for the three alloys considered. The experimental curves are compared to their 
Ramberg-Osgood representations. It can be seen that, up to the 0.2% proof stress, the 
304 material stress-strain curve lends itself well to being represented by the Ramberg-
Osgood equation. The stiffness of the 430 and 3Cr12 alloys however is slightly 
underestimated between the proportionality limit and the 0.2% proof stress. Beyond the 
0.2% proof stress, the Ramberg-Osgood equation deviates rapidly from the 
experimental curve for all three materials.  
Table 3.7 lists the compressive material properties specified by AS/NZS 4673 (2001). 
As is apparent from a comparison between Tables 3.6 and 3.7, AS/NZS 4673 
underestimates the measured 0.2% proof stresses by approximately 20% for the 304 and 
3Cr12 alloys. The 0.2% proof stresses of the 430 material are slightly overestimated, but 
still within the 5% range. The anisotropy ratios are reasonably well predicted, although 
slightly on the high side for the 3Cr12 material. 
 
Table 3.7. AS/NZS 4673 Specified Compressive Material Properties 
Material Dir. θ E0 σ0.01% σ0.2% n Aniso. 
  o (1) GPa MPa MPa - Ratio 
LC 0 195 90 195 4 1.00 
304 
TC 90 195 135 205 7 1.05 
LC 0 185 270 275 6.5 1.00 
430 
TC 90 200 255 310 15 1.13 
LC 0 210 170 260 7.5 1.00 
3Cr12 
TC 90 230 255 310 15 1.19 
(1) θ  is the angle between the rolling direction and the direction considered. 
 
EuroCode3 Part 1-4 (Table 3.8) yields conservative yet comparatively close predictions 
for the 304 and 430 0.2% proof stresses. The differences with the measured values 
range from 2% to 12%. The 0.2% proof stresses of the 3Cr12 alloy however are 
underestimated by EC3 by up to 25%.  
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Table 3.8. EC3 Part 1-4 Specified Compressive Material Properties 
Material Dir. θ E0 σ0.01% σ0.2% n Aniso. 
  o (1) GPa MPa MPa - Ratio 
LC 0 200 140 230 6 1.00 304 
(1.4301) TC 90 200 158 230 8 1.00 
LC 0 220 158 260 6 1.00 430 
(1.4016) TC 90 220 210 260 14 1.00 
LC 0 220 183 280 7 1.00 3Cr12 
(1.4003) TC 90 220 213 280 11 1.00 
(1) θ  is the angle between the rolling direction and the direction considered. 
 
3.2.3  Tensile and Compression Properties of the Corners 
 
Lecce (2006) studied the effect of the cold-working introduced by the brake-pressing 
procedure on the material properties of the 304, 430 and 3Cr12 alloys by testing small 
tension and compression coupons cut from the corners of brake-pressed channels. The 
nominal inside radius of the corner specimens was 4.0mm for the 304 and 3Cr12 
materials, and 2.5mm for the thinner 430 material. The complete details of the test 
configurations and procedures are explained in (Lecce 2006).  
Table 3.9 displays the static material properties retained from this test program. 
Compressive testing of the 430 corners proved to be impractical due to the small radius 
and limited thickness of the specimens and consequently results are not available for 
this case. The initial elastic moduli of the tension coupons were believed to be affected 
by bending and deemed unreliable. Therefore they are not listed here either.  
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Table 3.9. Measured Properties of the Corner Material 
Material Dir. θ E0 σ0.01% σ0.2% n 
  o (1) GPa MPa MPa - 
LT 0 - 300 552 5 
304 
LC 0 212 215 551 3 
LT 0 - 264 440 6 
430 
LC 0 - - - - 
LT 0 - - 527 - 
3Cr12 
LC 0 211 270 571 4 
(1) θ  is the angle between the rolling direction and the direction considered. 
 
When comparing the material properties of the corners (Table 3.9) with the properties of 
the flat material in tension (Table 3.3) and compression (Table 3.6), it is clear that the 
cold-forming process has a profound effect on the material properties and greatly 
increases the strength of the material. This can also be seen in Fig. 3.2 which depicts the 
compressive stress-strain curves of the corners versus the compressive stress-strain 
curves of the flat plate materials. Generally austenitic stainless steels are most sensitive 
to an increase in strength due to cold-working. This fact is illustrated by the 304 
material, of which the 0.2% proof stress increases to 2.25 times the original value in 
tension, and 2.35 times the original value in compression. The 430 and 3Cr12 corner 
materials feature 0.2% proof stresses that are between 1.6 and 1.7 times the proof 
stresses of the flat material.    
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Figure 3.2. Compressive Stress-Strain Curves 
 
 
3.3 Section Design and Geometry 
 
An appropriate cross-section was designed for each of the supplied plate materials. The 
objective was to design a lipped channel section that failed through interaction of local 
and overall buckling. Furthermore, it was required that failure should take place in the 
inelastic stress range to illustrate the non-linear behaviour of stainless steel. This was 
achieved by ensuring that the inelastic local buckling stress is at least equal to the 
proportionality limit. The nominal outer dimensions of the cross-sections are presented 
in Figure 3.3. The corner radius is measured along the mid-plane of the plate.  
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Figure 3.3. Specimen Cross-Sections 
 
The sections were designed by a trial-and-error process. In what follows, it will be 
demonstrated that the proposed sections satisfy the above mentioned criteria. 
ThinWall (Papangelis and Hancock, 1995) is a software package, developed at the 
University of Sydney, which implements the finite strip method for elastic materials. 
For a given cross-section, ThinWall plots the elastic buckling stress versus the buckle 
half-wavelength. Figure 3.4 displays the analysis results for the 3Cr12 cross-section. 
The analysis was based on the initial modulus E0. The curve displays two distinct 
minima. The first minimum, corresponding to the shorter wavelength, is associated with 
the local buckling mode, while the second minimum, corresponding to intermediate 
wavelengths, is linked to distortional buckling. The asymptotic curve for the higher 
wavelengths corresponds to overall Euler buckling. Figures 3.5 and 3.6 present the 
ThinWall output for the cross-sections manufactured from 304 and 430 material 
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respectively. The initial moduli E0 of the 304 and 430 materials were used in the 
analysis. It can be seen that due to the geometric design of each section, in particular the 
presence of a sufficiently large lip, the (elastic) distortional buckling stress is 
significantly higher than the (elastic) local buckling stress. Therefore, interference of the 
distortional buckling mode is deemed unlikely. 
An estimate of the inelastic local buckling stress can be obtained based on Bleich’s 
(1952) work, which was later reviewed by Van den Berg (2000). For stiffened plates, the 
inelastic buckling stress can be obtained from the elastic buckling stress through 
multiplication with a plasticity reduction factor τ : 
0
t
E
E=τ
         (3.1) 
The approximation lies in the fact that the flange lip constitutes an unstiffened element 
within the cross-section, for which the plasticity reduction factor given by Eq. (3.1) is 
conservative. 
An expression for the tangent modulus Et can be derived from the Ramberg-Osgood 
Equation (2.1): 
1n
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                                   (3.2) 
The results of the iterative calculations are presented in Table 3.10. The elastic local 
buckling stress σcr.El and the local buckling half-wavelength Lcr given by ThinWall are 
listed for each section, as well as the estimated inelastic local buckling stress σcr,Inel, the 
tangent modulus Et at the local buckling stress, and the proportionality limit σ0.01%. It 
can be seen that for all three sections the inelastic local buckling stress approximates the 
proportionality limit. Moreover, at the inelastic local buckling stress the tangent 
stiffness Et has typically decreased to about 60% of the initial value E0. Therefore, we 
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can be confident that local buckling will take place in the inelastic range and will be 
affected by the gradual loss of stiffness of the material. 
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Figure 3.4. ThinWall Analysis of the 3Cr12 Section 
 
 
 
 
 
 
 
 
Chapter 3                              Experimental Study of Singly Symmetric Cross-Section Columns 
 
 53
 
 
 
Figure 3.5. ThinWall Analysis of the 304 Section 
 
 
Figure 3.6. ThinWall Analysis of the 430 Section 
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Table 3.10. Inelastic Local Buckling Stresses 
Material σcr,El Lcr Et Et/E0 σcr,Inel σ0.01% 
 MPa mm GPa - MPa MPa 
3Cr12 281 94 125 0.60 217 217 
304 185 107 106 0.60 144 148 
430 215 61 118 0.61 165 170 
 
Figure 3.7 displays the inelastic overall buckling curves for all three sections. Flexural 
buckling about the minor axis was found to be governing over the flexural-torsional 
mode and the major axis flexural mode in all cases. The inelastic flexural buckling 
stress σcr,f was determined in an iterative way using the tangent modulus approach: 
( )2
2
,
y
t
fcr rL
Eπσ =
              (3.3) 
where Et is determined by Equation (3.2). Comparison with the inelastic local buckling 
stress created a preliminary indication of the range of specimen lengths for which 
interaction between overall and local buckling could be expected. For each material 6 
specimen lengths were considered in order to obtain a general picture of the strength 
curve, ranging from short 400 mm lengths to the range of pure overall buckling. The 
nominal specimen lengths considered for the 3Cr12 material were: 400 mm, 620 mm, 
920 mm, 1220 mm, 1520 mm and 1819 mm. The nominal specimen lengths for the 304 
material were: 400 mm, 636 mm, 866 mm, 1103 mm, 1339 mm and 1741 mm, while 
those for the 430 material were: 399 mm, 650 mm, 915 mm, 1178 mm, 1430 mm and 
1831 mm. Two specimens were fabricated for each length, accounting for a total of 36 
specimens. The specimens were brake-pressed by a specialized sheet metal engineering 
company. They were cut to length and had their ends machined at the University of 
Sydney. The specimens were labeled using the following convention: their name starts 
with a “C”, to indicate that the cross-sectional shape is a channel, followed by the 
material alloy, the nominal specimen length (in mm) and a serial number. For instance, 
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C304_400_2 is a 400mm long channel, manufactured from 304 stainless steel. It is the 
second such specimen out of a total of two.   
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Figure 3.7. Inelastic Overall Buckling vs. Inelastic Local Buckling 
 
Tables 3.11, 3.12 and 3.13 present the measured specimen dimensions in mm. All 
dimensions are out-to-out, as illustrated in Figure 3.8. The corner radius r is the radius 
along the centre-line of the section. The cross-sectional dimensions were measured 
using a digital vernier caliper with a specified accuracy of 0.03 mm. All listed 
dimensions are the average values of several measurements along the length of the 
specimen. The specimen length L was measured using a tape measure with a 1 mm 
division. The average cross-sectional dimensions for each series are also listed at the 
bottom of each table, together with their standard deviations. The cross-sectional area, 
calculated on the basis of these average dimensions, is 487.6 mm2 for the 3Cr12 section, 
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524.3 mm2 for the 304 section and 204.5 mm2 for the 430 section. 
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Figure 3.8. Specimen Dimensions 
 
Table 3.11. 3Cr12 Specimen Dimensions 
Specimen L Le r t b c d 
C3Cr12_400_1 400 536 4.25 1.97 45.19 22.61 125.17 
C3Cr12_400_2 400 536 4.23 1.99 45.14 22.72 125.11 
C3Cr12_622_1 622 758 4.02 1.99 45.21 22.61 125.28 
C3Cr12_622_2 620 756 4.17 1.99 45.16 22.68 125.23 
C3Cr12_920_1 920 1056 4.13 1.99 45.27 22.76 125.34 
C3Cr12_920_2 920 1056 4.09 1.98 45.27 22.73 125.07 
C3Cr12_1220_1 1220 1356 4.13 1.98 45.29 22.59 125.68 
C3Cr12_1220_2 1218 1354 4.24 1.97 45.18 22.55 125.62 
C3Cr12_1520_1 1520 1656 4.08 1.98 45.15 22.76 125.35 
C3Cr12_1520_2 1520 1656 4.14 1.98 45.14 22.73 125.15 
C3Cr12_1819_1 1819 1955 4.05 1.98 45.23 22.62 125.58 
C3Cr12_1819_2 1819 1955 4.13 1.98 45.17 22.54 125.33 
Average - - 4.14 1.98 45.20 22.66 125.32 
St. Dev. - - 0.07 0.01 0.05 0.08 0.20 
All dimensions are in mm. 
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Table 3.12. 304 Specimen Dimensions 
Specimen L Le r t b c d 
C304_400-1 400 536 5.17 1.96 46.09 23.94 144.25 
C304_400-2 400 536 5.37 1.96 45.98 23.85 144.48 
C304_636_1 636 772 4.90 1.98 46.05 23.92 144.18 
C304_636_2 635 771 4.95 1.98 46.04 23.58 144.30 
C304_866_1 866 1002 5.13 1.98 45.94 23.69 144.65 
C304_866_2 866 1002 5.34 1.97 46.07 23.52 144.75 
C304_1103_1 1103 1239 5.03 1.97 46.14 24.00 144.37 
C304_1103_2 1103 1239 5.16 1.98 46.03 24.03 144.15 
C304_1339_1 1339 1475 5.05 1.97 46.10 24.07 144.29 
C304_1339_2 1338 1474 5.08 1.97 46.10 23.89 144.53 
C304_1741_1 1741 1877 5.28 1.96 45.92 23.87 144.30 
C304_1741_2 1741 1877 5.19 1.96 46.00 23.89 144.32 
Average - - 5.14 1.97 46.04 23.85 144.38 
St. Dev. - - 0.15 0.01 0.07 0.17 0.19 
All dimensions are in mm. 
Table 3.13. 430 Specimen Dimensions 
Specimen L Le r t b c d 
C430_399_1 399 535 2.95 1.14 33.32 22.14 79.71 
C430_399_2 399 535 3.02 1.14 33.32 22.15 79.63 
C430_650_1 650 786 3.03 1.14 33.27 22.17 79.74 
C430_650-2 649 785 3.09 1.13 33.31 22.13 79.72 
C430_915_1 915 1051 2.99 1.13 33.27 22.25 79.74 
C430_915_2 913 1049 2.93 1.13 33.31 22.17 79.70 
C430_1178_1 1178 1314 3.04 1.13 33.27 22.14 79.80 
C430_1178_2 1178 1314 3.06 1.13 33.27 22.09 79.81 
C430_1430_1 1430 1566 2.99 1.14 33.36 22.18 79.63 
C430_1430_2 1429 1565 2.90 1.14 33.28 22.20 79.75 
C430_1831_1 1831 1967 2.99 1.14 33.26 22.11 79.83 
C430_1831_2 1831 1967 3.45 1.13 33.63 22.58 79.91 
Average - - 3.00 1.13 33.29 22.16 79.73 
St. Dev. - - 0.06 0.005 0.03 0.04 0.07 
All dimensions are in mm. 
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3.4  Stub Column Tests 
 
A total of five stub column tests were carried out: two stub columns were made of 
3Cr12 material, two were made of 304 material and one was made of 430 material. The 
specimens are identified by a name starting with a “C” to indicate a channel shaped 
cross-section, followed by the stainless steel alloy and a serial label, which can be 
“SC1” (Stub Column 1) or “SC2” (Stub Column 2). To prevent influence of the overall 
buckling mode, the length of the specimens was chosen to be slightly less than 20ry, 
where ry is the least radius of gyration, in accordance with Galambos (1998) and the 
specifications of AS/NZS 4673-Section 6 (2001). At the same time, the specimens were 
long enough to allow multiple local buckling half-wavelengths to develop.   
All specimens were tested in a 300 kN capacity MTS Sintech 65/G displacement 
controlled testing machine. They were tested between end plates which were prevented 
from rotating during the test. Initially the specimens were placed in the machine and a 
small load was applied while the spherical base was still allowed to rotate. Once the 
specimen end sections were flush with the plates, the spherical base was locked in place. 
A displacement rate of 0.1 mm/min for the 3Cr12 and 304 materials, and 0.05 mm/min 
for the thinner 430 material was applied. The tests were halted for 2 minutes at the peak 
load and at additional points during the test to allow for the static load-displacement 
curve to be determined.  
Figure 3.9 illustrates the test set-up. One LVDT (Linear Variable Displacement 
Transducer) was mounted on each side of the test specimen to measure the axial 
shortening of the stub column, which was calculated as the average of the two LVDT 
readings. The LVDTs were mounted on two 5 mm rods which were fed through holes in 
the specimen, drilled along the centroidal line at a distance of 15 mm to 20 mm from 
both ends. The holes were approximately 0.5 mm larger than the rod diameter, to allow 
for deformations of the specimen to occur without bending the rods or interfering with 
the LVDT readings. Elastics were used to keep the rods in contact with the specimen at 
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all times. This particular set-up allowed for the axial shortening of the specimen to be 
determined without being affected by bending or local indentation of the end platens 
under the load.    
 
Figure 3.9. Stub Column Test Set-up 
 
All test specimens failed by local buckling. The complete static and dynamic load-
displacement curves are presented in Appendix B. The test results are summarized in 
Table 3.14, which lists the LVDT measuring base L and the dynamic and static peak 
loads Pu. 
Table 3.14. Stub Column Tests: Summary 
Specimen Material L Pu (Dyn.) Pu (Static) σlb Plb 
  mm kN kN MPa kN 
C3Cr12_SC1 3Cr12 298 137.78 132.82 215 104.8 
C3Cr12_SC2 3Cr12 299 139.24 134.12 211 102.9 
C304_SC1 304 300 103.60 98.98 141 73.9 
C304_SC2 304 301 104.19 100.54 144 75.5 
C430_SC1 430 240 45.58 44.12 168 34.3 
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Appendix B also contains the (static) average stress versus average strain curves of all 
stub column specimens and compares these to the (static) stress-strain curves of the 
corresponding compression coupons. An example is given in Figure 3.10. It can be seen 
that the stub column stress-strain curves noticeably start to deviate from the material 
stress-strain curves at a stress σlb as a result of local buckling. Given the fact that the 
geometric imperfections of the stub column are deemed to be very small (as will be 
demonstrated in the next paragraph), σlb constitutes an experimental estimate of the 
inelastic local buckling load σcr,Inel. Comparison between Tables 3.14 and 3.10 reveals 
excellent agreement between the theoretically calculated value of the inelastic local 
buckling load σcr,Inel and the measured value σlb of each alloy. In Table 3.14 Plb is the 
inelastic local buckling load corresponding to the stress σlb. 
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Figure 3.10. 304 Stub Column Stress-Strain Curves 
 
3.5 Imperfection Measurements 
 
Interaction between local and overall buckling is a phenomenon which is sensitive to 
the presence of initial geometric imperfections. Van der Neut (1969) demonstrated that 
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this imperfection sensitivity is especially pronounced near the horizontal part of the 
theoretical van der Neut curve, due to the lack of postbuckling capacity. It is therefore 
important to establish an understanding of the magnitude and shape of the geometric 
imperfections in the test specimens. Imperfections were measured along five lines 
parallel to the longitudinal axis of the specimen, as indicated in Figure 3.11. 
Measurements were taken along the centre line of the web and along four lines located 
about 5 mm in from the rounded part of the corners. The readings along lines 2, 3 and 4 
detected imperfections affecting overall buckling and local buckling of the web, while 
readings along lines 1 and 5 provided information about imperfections in the shape of 
the distortional buckling mode. 
1
2 3 4
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+ +
+
 
Figure 3.11. Locations of Imperfection Measurements 
 
   
Figure 3.12. Imperfection Measurements: Test Set-up 
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Figure 3.12 shows the test set-up. Three measuring devices electronically read the 
distances to the specimen web through interference of a reflected laser beam. They were 
mounted on a trolley which moved along high-precision guiding bars. An electrical 
motor pulled the trolley along the bars with constant speed through means of a conveyer 
belt. The speed was set at 10 mm/s. A sampling rate of 10 Hz was used, resulting in one 
reading every millimeter. To improve the reflection of the laser beam white tape was 
applied along lines 1-5. The specimen was turned over 90 degrees relative to the 
position shown in Figure 3.11 to take readings along lines 1 and 5.  
Figure 3.13 shows a typical test result, in this case the readings along line 3 of specimen 
C3Cr12_920_2. It can be seen that the readings are slightly affected by vibrations 
resulting from the propulsion mechanism. A good accuracy on the readings of about 
0.02 to 0.04 mm was nevertheless achieved by removing excess slack in the conveyer 
belt, by damping the frame with weights and by operating the set-up at low speeds. The 
complete imperfection data for each of the 36 specimens can be found in Appendix C. 
The imperfections are considered positive away from the centroidal axis, as shown in 
Figure 3.11.  
The imperfection data provided essential input for the numerical simulations of the tests. 
To eliminate the noise caused by vibrations and present the imperfection data in a more 
readily available format, the data for each line was decomposed into a Fourier series. 
The Fourier series was truncated after a finite number of terms to eliminate the high-
frequency contributions of the vibrations. However, care was taken to retain at least the 
terms with a half-wavelength equal to, and well beyond, the local buckling half-
wavelength. These terms represent indeed the most critical components of the geometric 
imperfections with respect to local buckling. Typically, about 6 to 10 Fourier terms were 
used for the 400 mm long specimens, and about 20 to 31 terms were used for the 
longest specimens, depending on the ratio of the local buckling half-wavelength to the 
specimen length. Figure 3.13 shows the truncated Fourier representation in solid black 
line. 
Appendix C tabulates the Fourier coefficients for each measuring line for each specimen. 
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Figure 3.13. Imperfection Test Result 
 
Observation of the test results reveals that the geometric imperfections of the test 
specimens are generally fairly small. Maximum absolute values of the web 
imperfections range from 0.1 mm for the 400 mm specimens to 0.7 mm for the longer 
specimens, but typically vary between 0.05 mm and 0.2 mm. Absolute values of the 
flange imperfections typically range from 0.1 mm to 0.4 mm, with maximum values up 
to 0.7 mm. The flange imperfections are typically negative, which means that the 
flanges slightly move inwards towards the middle of the specimen. 
 
3.6  Interaction Buckling Tests 
 
3.6.1 Introduction 
 
All specimens were tested between pinned end conditions. Thus the capacity in local-
overall interaction buckling will be affected by the shift in effective centroid resulting 
from local buckling. 
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Test specimens with serial number 1 were tested under a concentrically applied load. 
Their twin specimens with serial number 2 had the load applied with an eccentricity of 
Le/1500 towards the web. This constitutes the worse case scenario since the effective 
centroid is expected to shift away from the web, thus adding to the eccentricity effect. 
The web indeed constitutes the most slender element and will trigger local buckling. 
 
3.6.2  Test Set-up and Instrumentation 
 
Figure 3.14 shows the hinge assemblies used to obtain pinned end conditions. The 
bottom assembly was bolted into the testing machine, while the top hinge was welded to 
a vertical plate and clamped into the hydraulic jaws of the testing machine. A 690 MPa 
plate was bolted on top of the hinges to prevent damage under the concentrated 
specimen reactions. The weak centroidal axis was scribed onto the flanges of each 
specimen. Centre lines scribed on the top plates, which lined up with the hinge axes, 
made it easier to accurately realize the desired eccentricity, as illustrated in Figure 3.15. 
The distance between the axis of the hinge and the top surface of the plate was 
measured to be 68 mm. Thus the effective length Le can be calculated from the 
specimen length L by adding 136 mm, as shown in Tables 3.11 to 3.13.   
 
  
Figure 3.14. Specimen Boundary Conditions 
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Figure 3.15. Specimen Eccentricity 
 
Figures 3.16a and 3.16b illustrate the overall test set-up. A total of 13 LVDTs were used 
to monitor the specimen displacements. The end rotations were calculated from the 
readings obtained from LVDTs T1 and T2 (top end rotation), and B1 and B2 (bottom 
end rotation). The axial shortening of the specimen along the centroidal line was 
obtained from the T1, T2, B1 and B2 readings and checked against the adjusted stroke 
of the testing machine. Note that all 4 LVDT readings are needed since the bearings will 
also undergo a certain compression under loading.  
Six LVDTs were mounted on a transducer frame which was supported from the 
specimen corners adjacent to the web, in a way illustrated by Figure 3.16b. A system of 
spring-loaded hooks and adjustable screws kept the frame in place, while the frame as a 
whole was able to move with the cross-section as overall buckling occurred. Thus the 
LVDTs mounted on the frame were able to record the deformations of the cross-section 
due to local and distortional buckling. W1 and W2, placed in the middle of the web, 
registered local buckling of the web, while L1, L2, R1 and R2, placed at the flange ends 
about 5 mm in from the rounded corners, warned for possible distortional buckling of 
the flanges. W1, L1 and R1 were placed at mid-height, while W2, L2 and R2 were 
placed at a distance of 50 mm below mid-height. Taking into account the estimated local 
buckling length given in Table 3.10, the LVDTs would thus register local buckling 
deformations even if the mid-section coincidentally happened to coincide with or lie 
near an inflection point of local plate buckling. The transducer frame was constructed in 
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such a way that it could easily be modified to fit any of the three cross sections under 
consideration. Figure 3.17 illustrates the transducer frame concept. 
LVDTs D1 and D2 measured the lateral displacements of the mid-section as a result of 
overall minor axis bending, while also registering any possible rotation of the cross-
section. The reader is reminded that minor axis flexural buckling was expected to be the 
governing overall buckling mode.  
LVDT M1 recorded possible lateral displacements of the mid-section perpendicular to 
the major axis. 
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Figure 3.16a. Test Set-up and Instrumentation 
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Figure 3.17. Transducer Frame 
 
Figure 3.18 shows the adopted sign conventions for top and bottom rotations, lateral 
overall displacements and local displacements of the web and the flanges. 
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Figure 3.18. Sign Conventions 
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Van der Neut (1969) demonstrated that the load capacity of columns subject to 
interaction between local and overall buckling is sensitive to the presence of initial 
imperfections and consequently to eccentricities of the applied load. This sensitivity is 
particularly pronounced for specimens reaching an ultimate load near the local buckling 
load. Therefore, a selective number of specimens were instrumented with strain gauges 
at mid-height in order to verify the initial load eccentricity. Figure 3.19 illustrates the 
strain gauge configuration. The gauges were placed symmetrically on the specimen web 
and lips, right next to the rounded corners. Figure 3.7 was used as a guideline when 
deciding which specimens to instrument. The following 18 specimens received strain 
gauges: C3Cr12_620_1, C3Cr12_620_2, C3Cr12_920_1, C3Cr12_920_2, 
C3Cr12_1220_1, C3Cr12_1220_2, C304_636_1, C304_636_2, C304_866_1,  
C304_866_2, C304_1103_1, C304_1103_2, C304_1339_1, C304_1339_2, C430_915_1, 
C430_915_1, C430_1178_1 and C430_1178_2. 
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Figure 3.19. Strain Gauge Locations 
 
3.6.3  Testing Procedure 
 
All specimens were tested in a 2000 kN capacity DARTEC testing machine, operated in 
stroke controlled mode. A consistent strain rate of 2 x 10-6/s was applied to all 
specimens, implying that the displacement rate varied between 0.048 mm/min for the 
400 mm long specimens, and 0.22 mm/min for the 1831 mm long specimens. The test 
was repeatedly halted for 2 minutes, in particular at or near the peak load, to allow the 
static load values to be determined. After the load had significantly dropped past the 
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peak load, the displacement rate was increased to a typical value of 0.3 mm/min. 
The specimens were placed in their initial position using the scribed lines on the flanges 
and the top plates of the hinge assemblies as a guideline. For the specimens equipped 
with strain gauges a small load was applied and the eccentricity was calculated from the 
strain gauge readings. The load was consequently taken off and the eccentricity adjusted. 
The process was repeated until the eccentricity was deemed sufficiently close to the 
target value. 
A VISHAY Model 5100B scanner was used to acquire the data. The sampling rate was 
set at 1 Hz. A total of 19 channels were used to accommodate the load and stroke output 
of the testing machine, the 13 LVDTs and, where applicable, the 4 strain gauges. 
 
3.6.4  Observations and Test Results 
 
3.6.4.1  3Cr12 Series 
 
Local buckling causes the effective centroid of the section to shift. Since the web 
constitutes the most slender cross-sectional element and triggers local buckling, the 
effective centroid shifts away from the web. This was confirmed by the experimental 
observation that all specimens, in particular the concentrically loaded ones, underwent 
positive end rotations and positive mid-section displacement according to the adopted 
sign convention (Figure 3.18). Specimen C3Cr12_1819_1 formed an exception. Not 
only was this specimen expected to fail in pure overall buckling due to its length, but 
question was raised about the validity of the test result (as will be discussed later). 
The local buckling pattern was observed to change with loading and eventually 
localized near mid-height, as illustrated by Figure 3.20.  
No distortional buckling was observed in any of the specimens, neither before nor past 
the peak load, which shows that the lips were very effective in suppressing the 
distortional mode. Figure 3.21 illustrates the failed shape of 3Cr12 specimens of 
different lengths. 
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Figure 3.20 Localization of the local buckling pattern 
  
The longest concentrically loaded specimen C3Cr12_1819_1 reached an ultimate load 
of 94 kN and remained fairly straight before snapping through into an overall buckling 
shape. This ultimate load lies beyond the Euler buckling load calculated with the initial 
modulus E0, which clearly indicates an erroneous result. It is believed that, due to the 
lack of an initial eccentricity, a small amount of bearing friction had a significant effect 
on the test results. Specimen C3Cr12_1520_1 exhibited the same snap-through 
behaviour and this test was deemed unreliable as well. Both results were discarded. It is 
interesting to note that both specimens failed in the neighbourhood of the local buckling 
load, where the shift in effective centroid suddenly causes enough overall bending to 
overcome the initial friction, resulting in the specimen snapping into its buckled shape. 
The remaining 10 tests are not believed to be affected by bearing friction, since they are 
either eccentrically loaded or concentrically loaded with failure loads above the local 
buckling load. Moreover, they do not display any snap-through behaviour. A finite 
element analysis matching the results will conclusively confirm their validity. 
Appendix D contains the recorded data of all 12 3Cr12 specimens. Four graphs are 
provided for each test. Figure 3.22 (a-d) shows the data for specimen C3Cr12_620_2 as 
an example. Figure 3.22a shows the axial load vs. the axial shortening. Figure 3.22b 
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shows the axial load vs. the lateral displacement at mid-height. The column is visibly 
affected by bending resulting from the overall eccentricity from a load of about 70 kN, 
unlike its twin specimen C3Cr12_620_1, which remains straight up to the local 
buckling load (Fig. D3.b of Appendix D). The readings of LVDTs D1 and D2 are 
consistent which indicates that the cross-section is not subject to twisting. Figure 3.22c 
shows the axial load vs. the end rotations, while Figure 3.22d shows the axial loads vs. 
the local buckling displacements, measured through means of the LVDTs mounted on 
the transducer frame. It can be seen that W1 and W2 first pick up local buckling around 
a load of 97 kN. In this particular case, the web first moves outwards and then moves 
inwards past the peak, as a result of the localization effect of the local buckles. The 
LVDTs monitoring the flanges (L1, L2, R1, R2) pick up a small amount of local 
buckling of the flanges due to the fact that they are positioned about 5 mm in from the 
corners, but the readings remain low until the peak load, after which the readings are 
affected by the localization effect. It should be stressed however that no distortional 
buckling was observed, as can be seen from Fig. 3.21.  
LVDT M1, monitoring the overall displacements about the major axis, yielded zero 
readings for all specimens, and therefore the graphs are not included in this report. 
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Figure 3.21. Failed shape of 3Cr12 specimens
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Figure 3.22a. C3Cr12_620_2: Axial Load vs. Axial Shortening 
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Figure 3.22b. C3Cr12_620_2: Axial Load vs. Lateral Displacement 
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Figure 3.22c. C3Cr12_620_2: Axial Load vs. End Rotations 
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Figure 3.22d. C3Cr12_620_2: Axial Load vs. Local Displacements 
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For the specimens equipped with strain gauges the initial eccentricity can be calculated 
from the strain gauge readings. Assuming that well below the local buckling load 
(which roughly coincides with the proportionality limit) the material behaves linearly 
and plane sections remain plane after deformation, the initial eccentricity eo can be 
calculated from the moment to axial force ratio, corrected with the lateral displacement 
at mid-height. If ε1 is the average reading from strain gauges SG1 and SG2, ε2 is the 
average reading from strain gauges SG3 and SG4, y1 and y2 are the distances from the 
centroid of the section to the extreme fibres (as illustrated by Figure 3.19), and D1 and 
D2 are the readings from LVDTs D1 and D2, then eo is given by:   
( )
( ) 2
21
2112
21 DD
εyεy
εε
A
I
e yyo
+−+
−=
     (3.4) 
An eccentricity towards the web is considered positive. 
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Figure 3.23. Calculation of the Initial Eccentricity 
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Equation (3.4) produces the initial eccentricity at mid-height. The eccentricity at the 
specimen ends can be obtained by taking into account the measured initial imperfection 
at mid-height. 
Figure 3.23 plots eo vs. the axial load for a number of specimens. It can be seen that 
after initial settling-in effects wear off and before the specimen is subject to local 
buckling, the mid-portion of the diagram displays a fairly constant value.  
Table 3.15 and Figure 3.24 summarize the 3Cr12 test results. Table 3.15 lists the (static 
and dynamic) ultimate load Pu, the eccentricities at the end sections and at mid-height, 
and the imperfection at mid-height. It also calculates the Et/E0 ratio for the average axial 
stress at the peak load, based on the Ramberg-Osgood representation of the material, 
derived in 3.2.2. From these values it can be concluded that the test results are clearly 
affected by the nonlinearity of the stress-strain curve and the gradual loss of stiffness. 
The tests, in particular those of the 1220 mm long specimens, also illustrate the 
imperfection sensitivity of the interaction buckling phenomenon around the local 
buckling load. The local buckling load indicated in Figure 3.24 is the inelastic local 
buckling load, as experimentally obtained from the stub column tests described in 
section 3.4. The summarizing Table 3.14 lists an inelastic local buckling load of 
approximately 105 kN for the 3Cr12 sections, corresponding to an inelastic local 
buckling stress of 215 MPa.  
It can be seen that the strength curves flattens out around the local buckling load, and 
more so for the concentrically loaded specimens than for the eccentrically loaded ones. 
This conforms with van der Neut’s theoretical considerations. The presence of an initial 
imperfection smoothens out the strength curve around the local buckling load in a more 
gradual transition towards the Euler buckling curve. 
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3Cr12 Series: Concentric Tests 
Specimen Material Length Eccentricity Overall Imp. Ultimate Load Pu Et/E0 
  L Le eo,end eo,mid Note Δmid Dynamic Static  
  (mm) (mm) (mm) (mm) -  (mm) (kN) (kN) - 
C3Cr12_400_1 3Cr12 400 536 0.000 -0.034 -Le/16000 (2) 0.034 125.63 123.01 0.37 
C3Cr12_620_1 3Cr12 622 758 -0.053 -0.162 -Le/4700 (1) 0.109 126.24 123.12 0.37 
C3Cr12_920_1 3Cr12 920 1056 0.184 0.201 Le/5300 (1) -0.017 113.72 111.13 0.53 
C3Cr12_1220_1 3Cr12 1220 1356 0.446 0.470 Le/2900 (1) -0.024 112.26 109.70 0.55 
C3Cr12_1520_1 3Cr12 1520 1656 0.000 0.147 Le/11000 (2) -0.147 (99.97) - - 
C3Cr12_1819_1 3Cr12 1819 1955 0.000 -0.628 -Le/3100 (2) 0.628 (93.70) - - 
(1): Eccentricity calculated from strain gauge readings; (2): Target eccentricity, realized by means of the scribed lines. 
              Table 3.15. 3Cr12 Test Results 
3Cr12 Series: Eccentric Tests 
Specimen Material Length Eccentricity Overall Imp. Ultimate Load Pu Et/E0 
  L Le eo,end eo,mid Note Δmid Dynamic Static  
  (mm) (mm) (mm) (mm) -  (mm) (kN) (kN) - 
C3Cr12_400_2 3Cr12 400 536 0.357 0.332 Le/1600 (2) 0.025 127.58 124.15 0.35 
C3Cr12_620_2 3Cr12 620 756 2.17 2.100 Le/360 (1) 0.069 115.80 113.09 0.50 
C3Cr12_920_2 3Cr12 920 1056 1.072 0.930 Le/1100 (1) 0.142 114.03 111.40 0.52 
C3Cr12_1220_2 3Cr12 1218 1354 0.818 0.890 Le/1500 (1) -0.072 98.16 95.76 0.75 
C3Cr12_1520_2 3Cr12 1520 1656 1.104 0.681 Le/2400 (2) 0.423 87.11 85.03 0.86 
C3Cr12_1819_2 3Cr12 1819 1955 1.303 0.901 Le/2200 (2) 0.402 67.82 66.25 0.97 
(1): Eccentricity calculated from strain gauge readings; (2): Target eccentricity, realized by means of the scribed lines. 
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Figure 3.24. 3Cr12 Test Results 
 
3.6.4.2  304 Series 
 
Past the local buckling load, specimens were observed to bend towards the lips 
(undergoing positive lateral displacements according to Figure 3.18), as a result of the 
effective centroid shifting away from the web. The local buckles eventually localized 
near mid-height. No distortional buckling was observed in any of the specimens. 
The results of the longest concentrically loaded specimens C304_1339_1 and 
C304_1741_1 were believed to be affected by bearing friction and will not be 
considered further. 
Appendix D contains the detailed data of all 12 tests. Four graphs are provided for each 
test, documenting the axial load vs. axial shortening, the axial load vs. lateral 
displacement at mid-height, the axial load vs. end rotations and the axial load vs. the 
local displacements. No twisting of the cross-section or major axis displacements were 
observed in any of the specimens. 
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Figure 3.25a. Failed shape of 304 specimens 
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Figure 3.25b. Failed shape of 304 specimens
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304 Series: Concentric Tests 
Specimen Material Length Eccentricity Overall Imp. Ultimate Load Pu Et/E0 
  L Le eo,end eo,mid Note Δmid Dynamic Static  
  (mm) (mm) (mm) (mm) -  (mm) (kN) (kN) - 
C304_400_1 304 400 536 0.000 -0.048 -Le/11000 (2) 0.048 83.81 80.90 0.50 
C304_636_1 304 636 772 -0.038 -0.107 -Le/7200 (1) 0.069 84.79 81.63 0.49 
C304_866_1 304 866 1002 -0.335 -0.385 -Le/2600 (1) 0.050 83.02 80.12 0.52 
C304_1103_1 304 1103 1239 0.204 0.081 Le/15000 (1) 0.123 79.97 76.78 0.57 
C304_1339_1 304 1339 1475 0.169 -0.001 -Le/2x106 (1) 0.170 (81.49) - - 
C304_1741_1 304 1741 1877 0.000 -0.226 -Le/8300 (2) 0.226 (80.82) - - 
(1): Eccentricity calculated from strain gauge readings; (2): Target eccentricity, realized by means of the scribed lines. 
              Table 3.16. 304 Test Results 
304 Series: Eccentric Tests 
Specimen Material Length Eccentricity Overall Imp. Ultimate Load Pu Et/E0 
  L Le eo,end eo,mid Note Δmid Dynamic Static  
  (mm) (mm) (mm) (mm) -  (mm) (kN) (kN) - 
C304_400_2 304 400 536 0.357  0.331  Le/1600 (2) 0.026  83.93  81.12  0.50 
C304_636_2 304 635 771 1.235  1.180  Le/650 (1) 0.055  79.23  76.27  0.58 
C304_866_2 304 866 1002 0.735  0.733  Le/1400 (1) 0.002  75.88  72.88  0.64 
C304_1103_2 304 1103 1239 1.766  1.691  Le/730 (1) 0.075  70.02  66.57  0.75 
C304_1339_2 304 1338 1474 2.010  2.044  Le/720 (1) -0.034  63.73  61.42  0.82 
C304_1741_2 304 1741 1877 1.251  1.360  Le/1400 (2) -0.109  55.49  53.27  0.91 
(1): Eccentricity calculated from strain gauge readings; (2): Target eccentricity, realized by means of the scribed lines. 
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Figure 3.26. 304 Test Results 
 
Figure 3.25 illustrates the failed shape of 304 specimens of various lengths. 
Table 3.16 and Figure 3.26 display the test results. From the Et/Eo ratios calculated for 
an average stress equal to Pu/A, it is obvious that failure takes place in the inelastic 
range. The results again highlight the imperfection sensitivity of the load capacity 
around the local buckling load. The eccentricities of the 866 mm long specimens differ 
by 1 mm (= Le/900), but the difference in ultimate load is 7.24 kN or 9%. The 
eccentricities of the 1103 mm long specimens lie 1.6 mm apart (= Le/900), but the 
difference in ultimate load is 9.95 kN or 12%. The inelastic local buckling load 
indicated in Fig. 3.26 is the experimentally derived value of approximately 75 kN, listed 
in Table 3.14.  
The eccentricities calculated from the strain gauges reveal that the load on specimen 
C304_866_1 was applied with an eccentricity of 0.3 mm away from the web. This 
eccentricity benefits the ultimate capacity and indicates why the resulting ultimate load 
point in Figure 3.23 is slightly high and masks the flattening of the concentric strength 
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curve. The eccentricity of specimen C304_636_2 is also slightly higher than expected, 
but constitutes a positive eccentricity towards the web. 
 
3.6.4.3  430 Series 
 
Local buckling causes the specimens to bend out towards the lips as a result of the shift 
in the effective centroid. Localization of the local buckling pattern was observed near 
mid-height. No distortional buckling was detected in any of the specimens. Figure 3.27 
shows the failed shape of 430 specimens of various lengths. 
The results of the longest concentric tests C430_1178_1, C430_1430_1 and 
C430_1831_1 are believed to be affected by bearing friction and were discarded. These 
specimens displayed a sudden transition from a straight into a buckled shape, 
accompanied by a sharp drop in load. In the case of C430_1430_1 and C430_1831_1, 
they produce results above the Euler buckling load.  
Appendix D contains the results of all 12 tests. 4 graphs for each specimen present the 
axial shortening, lateral displacements, end rotations and local displacements of the 
specimen. No twisting or major axis displacements were observed in any of the 
specimens. 
Table 3.17 and Figure 3.28 summarize the test results. The Et/E0 values calculated for an 
average stress equal to Pu/A show that the results are generally affected by gradual 
yielding of the material. The longest specimens C430_1430_2 and C430_1831_2 on the 
other hand fail in the nearly elastic range. Local buckling for these specimens was not 
observed until well into the post-peak range, indicating that they fail in pure overall 
buckling. 
The results again highlight imperfection sensitivity. It should be noted that the 
eccentricity of the C430_1178_2 specimen is slightly less than the target value of 
Le/1500, resulting in a slightly high point on the strength curve.    
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Figure 3.27a. Failed shape of 430 specimens
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Figure 3.27b. Failed shape of 430 specimens 
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430 Series: Concentric Tests 
Specimen Material Length Eccentricity Overall Imp. Ultimate Load Pu Et/E0 
  L Le eo,end eo,mid Note Δmid Dynamic Static  
  (mm) (mm) (mm) (mm) -  (mm) (kN) (kN) - 
C430_399_1 430 399 535 0.000  0.001  Le/390000 (2) -0.001  43.89 42.71 0.28 
C430_650_1 430 650 786 0.000  -0.031  -Le/26000 (2) 0.031  42.06  40.74  0.34 
C430_915_1 430 915 1051 0.236  0.226  Le/4700 (1) 0.010  41.57 40.22  0.35 
C430_1178_1 430 1178 1314 0.063  -0.010  -Le/126000 (1) 0.073  (40.17) - - 
C430_1430_1 430 1430 1566 0.000  -0.114  -Le/14000 (2) 0.114  (34.31) - - 
C430_1831_1 430 1831 1967 0.000  -0.073  -Le/27000 (2) 0.073  (34.49) - - 
(1): Eccentricity calculated from strain gauge readings; (2): Target eccentricity, realized by means of the scribed lines. 
              Table 3.17. 430 Test Results 
430 Series: Eccentric Tests 
Specimen Material Length Eccentricity Overall Imp. Ultimate Load Pu Et/E0 
  L Le eo,end eo,mid Note Δmid Dynamic Static  
  (mm) (mm) (mm) (mm) -  (mm) (kN) (kN) - 
C430_399_2 430 399 535 0.357 0.355 Le/1500 (2) 0.002 41.27 40.07 0.36 
C430_650_2 430 649 785 0.524 0.507 Le/1500 (2) 0.017 38.70 37.53 0.44 
C430_915_2 430 913 1049 0.935 0.921 Le/1100 (1) 0.014 34.92 33.37 0.60 
C430_1178_2 430 1178 1314 0.592 0.485 Le/2700 (1) 0.107 33.51 31.88 0.66 
C430_1430_2 430 1429 1565 1.044 0.926 Le/1700 (2) 0.118 24.05 23.31 0.92 
C430_1831_2 430 1831 1967 1.311 1.326 Le/1500 (2) -0.015 16.24 15.80 0.99 
(1): Eccentricity calculated from strain gauge readings; (2): Target eccentricity, realized by means of the scribed lines.
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Figure 3.28. 430 Test Results 
 
The inelastic local buckling load of the 430 sections was experimentally measured to be 
34 kN in section 3.4. This value is displayed in Figure 3.28.  
 
3.7  Summary 
 
A material testing program was set up to determine the material properties of 3Cr12, 
304 and 430 stainless steel alloys. The tensile and compressive properties of the virgin 
plate material were tested in different directions relative to the rolling direction. The test 
results illustrate the distinctively different properties of stainless steel compared to 
carbon steel: a non-linear stress-strain curve with low proportionality limit, anisotropy 
and different properties in tension and compression. Tensile and compressive coupons 
were also cut from the corners of brake-pressed channels. The results show a significant 
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increase in 0.2% proof stress as a result of the cold-working. The effect is particularly 
pronounced for the 304 austenitic type stainless steel. 
An experimental program was set up which was successful in achieving interaction of 
local and overall buckling in 3Cr12, 304 and 430 grade lipped channels, with no 
interference of the distortional buckling mode. A total of 36 specimens were tested, 18 
of which were loaded concentrically. The remaining specimens had the load applied 
with a nominal eccentricity of Le/1500, which was applied towards the web. Failure was 
aimed to take place in the inelastic range in order to highlight the effect of the nonlinear 
stress-strain relationship on the ultimate load. Calculation of the Et/E0 ratios for the 
ultimate average stress confirms that this objective was reached. The specimens were 
tested between pinned end conditions. Consequently the interaction of both buckling 
modes undergoes the additional effect of a shift in effective centroid resulting from local 
buckling.  
The test results indicate a high sensitivity to the value of the applied eccentricity, and 
consequently to imperfections, near the level of the local buckling load. Nevertheless it 
was possible to observe that the concentrically loaded specimens display a strength 
curve with a flatter slope near the local buckling load compared to the eccentrically 
loaded specimens. 
The local buckling load under a concentric axial load was determined from stub column 
tests. 
Recognizing the importance which imperfections play in local-overall interaction 
buckling, the specimen imperfections were measured along 5 different lines. This data 
will be used in further modeling and analysis. 
This investigation remedies the lack of experimental data available on interaction 
buckling of stainless steel columns with a singly-symmetric cross-section. It lays the 
foundation for further research, in particular the development of a reliable finite element 
model which can be used in parametric studies, the evaluation of the current design 
guidelines, and the development of a direct strength method for stainless steel columns.      
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Experimental Study of Doubly 
Symmetric Cross-Section Columns 
 
 
4.1 Introduction 
 
Chapter 4 describes the experimentally investigation of the behaviour and the load 
capacity of stainless steel I-shaped columns subject to the interaction of local and 
overall buckling. The specimen cross-section consisted of two cold-formed plain 
channels, which were connected back-to-back by sheet metal screws. All specimens 
were tested between pinned end conditions under a compressive axial load with a 
nominal eccentricity of Le/1500, where Le is the effective length. 
The experimental program comprised a total of 24 specimens and was in its entirety 
carried out in the J.W. Roderick Materials and Structures Laboratory at the University of 
Sydney. Two different stainless steel alloys were included in the program: austenitic 
AISI304 and ferritic AISI404. For both alloys the material was supplied in sheets of 1.2 
mm thickness, with a length in the rolling direction of 3048 mm and a transverse width 
of 1219 mm. 
The aim of this experimental program is to generate previously non-existent data 
pertaining to the interaction buckling of stainless steel back-to-back channels. In order 
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to have a high degree of interaction reflected in the column strength curve, a high target 
value of 2.0 was chosen for the cross-sectional slenderness of the test specimens. The 
cross-sectional slenderness λs is defined in terms of the measured 0.2% proof stress of 
the flat material σ0.2% and the elastic critical buckling stress σcr as obtained from a finite 
strip analysis: 
cr
%2.0
s σ
σ=λ
         (4.1) 
Similarly the overall slenderness of the specimens is defined as: 
E
%2.0
o σ
σ=λ
         (4.2) 
where σE is the elastic overall Euler buckling stress. 
 
4.2 Material Properties 
 
4.2.1  Tensile Properties of the Flat Material 
 
Six tension coupons were cut from the flat plate material for each alloy. Three coupons 
were cut along the longitudinal direction of the plate (the rolling direction), while the 
other three coupons were cut in the transverse direction, perpendicular to the rolling 
direction. All coupons had a nominal width of 12.5 mm and a gauge length of 50 mm 
with all dimensions conforming to the specifications of AS/NZS 1391 (1991). 
The coupons were tested in a 300 kN capacity MTS Sintech 65/G machine operated in 
displacement control mode. A constant displacement rate of 2.00 mm/min was 
maintained. This corresponds to a strain rate of approximately 5x10-4/s, which is near 
the low end of the range set by AS/NZS 1391. The tests were halted repeatedly for 2 
minutes at a time to allow for the static material properties to be determined.   
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Table 4.1. Coupon Test Results: Tensile Properties of the Flat Material 
Specimen Material θ Instrumen- Strain Rate b A E0 σ0.01% σ0.2% σu n Elongation 
- - o  (1) tation (2) mm/min  mm mm2 GPa MPa MPa MPa - % 
304_LT_1 304 0 SG 2.00 12.51 15.01 186 137 263 656 4.5 69 
304_LT_2 304 0 Ex 2.00 12.51 15.01 195 139 263 705 4.5 73 
304_LT_3 304 0 Ex 2.00 12.51 15.02 197 104 252 707 3.5 70 
304_TT_1 304 90 SG 2.00 12.51 15.01 194 146 258 672 5 74 
304_TT_2 304 90 Ex 2.00 12.49 14.99 202 177 264 687 7.5 74 
304_TT_3 304 90 Ex 2.00 12.55 15.06 189 207 263 686 12.5 74 
404_LT_1 404 0 SG 2.00 12.52 15.03 207 219 302 451 9.5 33 
404_LT_2 404 0 Ex 2.00 12.52 15.02 194 240 300 449 13.5 35 
404_LT_3 404 0 Ex 2.00 12.54 15.04 202 235 305 449 11.5 35 
404_TT_1 404 90 SG 2.00 12.54 15.05 220 269 310 450 21 34 
404_TT_2 404 90 Ex 2.00 12.48 14.98 218 275 310 452 25 36 
404_TT_3 404 90 Ex 2.00 12.54 15.05 209 272 311 451 22 35 
(1)  θ   is the angle between the rolling direction and the longitudinal axis of the test coupon. 
(2) Ex = Extensometer, SG = Strain Gauges  
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Two out of every group of three nominally identical coupons were instrumented with a 
40 mm base extensometer. The extensometer has a range of 4.2 mm. Resetting the 
extensometer several times during the test allowed for the complete stress-strain curve 
to be determined. The third specimen in every set was instrumented with two 5 mm 
strain gauges at mid-length, to allow an accurate check of the initial modulus E0 and the 
proportionality stress σ0.01%. 
The coupons were identified by a label carrying the alloy, the direction of the coupon 
axis relative to the rolling direction (LT = Longitudinal Tension; TT = Transverse 
Tension) and a serial number. For instance, 304_LT_1 is the first coupon in the 
longitudinal direction of the 304 alloy.Table 4.1 lists the details of every individual test. 
The resulting stress-strain curves can be found in Appendix E. Table 4.2 displays the 
(static) material properties of each alloy, obtained as averages for each set of coupons. 
The initial modulus E0 is listed, as well as the proportionality limit σ0.01%, the 0.2% 
proof stress σ0.2%, the ultimate tensile strength σu, the Ramberg-Osgood parameter n, 
and the elongation after fracture. It also shows the anisotropy ratio, defined as the ratio 
of the 0.2% proof stress in a particular direction to the 0.2% proof stress in the rolling 
direction.       
 
Table 4.2. Average Measured Tensile Properties of the Flat Material 
Material Dir. θ E0 σ0.01% σ0.2% σu n Aniso. Elong. 
  o (1) GPa MPa MPa MPa - Ratio % (2) 
LT 0 193 127 259 689 4 1.00 71 
304 
TT 90 195 177 262 682 7.5 1.01 74 
LT 0 201 231 302 450 11 1.00 34 
404 
TT 90 216 272 310 451 22.5 1.03 35 
(1) θ  is the angle between the rolling direction and the direction considered. 
(2) Elongation after fracture. 
 
It can be concluded that the 304 austenitic steel displays virtually no anisotropy, while 
the 404 ferritic steel exhibits very modest anisotropy in tension. It can also be seen that 
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non-linear behaviour and early loss of stiffness are more pronounced in the austenitic 
304. This is reflected in a lower proportionality limit and a lower n-value, indicating a 
more rounded stress-strain curve. Both alloys demonstrate good ductility, with the 404 
alloy reaching an elongation after fracture of around 35%, while the 304 alloy achieved 
values in excess of 70%. 
Both AS/NZS 4673 (2001) and EN 1993-1-4 (2006) specify tensile properties for 304 
austenitic stainless steel. The predictions are listed in Table 4.3. It can be seen that both 
standards are conservative with respect to the 0.2% proof stress: AS/NZS 4673 
underestimates σ0.2% by 20%, while EN 1993-1-4 underestimates σ0.2% by roughly 10%. 
Both standards underestimate the ultimate tensile strength σu by 20-25%.    
 
Table 4.3. Specified Tensile Properties of the 304 Alloy 
Material Dir. θ Eo σ0.01% σ0.2% σu n Aniso. 
  o (1) GPa MPa MPa MPa - Ratio 
LT 0 195 140 205 520 7.5 1.00 
AS 4673 
TT 90 195 118 205 520 5.5 1.00 
LT 0 200 140 230 540 6 1.00 
EC3 
TT 90 200 158 230 540 8 1.00 
(1) θ  is the angle between the rolling direction and the direction considered. 
 
4.2.2 Compressive Properties of the Flat Material 
 
The compressive properties of the 304 and 404 alloys were measured in the longitudinal 
(rolling) direction of the plate, the transverse direction, and the diagonal direction 
(under a 45 degree angle with the rolling direction). Uniaxial tests in three independent 
directions are necessary to determine the coefficients in Hill’s (1950) anisotropic yield 
criterion. 
A special jig was devised for compression coupon testing, which is shown in Fig. 4.1. 
The concept was successfully used before by Rasmussen and Hancock (1993), Gardner 
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and Nethercot (2004c), and Lecce and Rasmussen (2005). Rectangular coupons with 
nominal dimensions of 25 mm by 93 mm were cut from the flat plate material. Seven 
coupons were glued together to build up a nominal thickness of 8.4 mm and were 
machined square. The specimens were instrumented with two 5 mm strain gauges at 
mid-length, applied on the laminated sides. The gauges typically reached the end of 
their measuring range around 1.5% strain, which allowed a sufficient portion of the 
stress-strain curve to be determined. When placed in the jig, the coupons protruded 
approximately 3 mm beyond the top of the jig, which was again amply sufficient to 
reach 1.5% strain. The specimens were greased before being placed in the jig, to 
eliminate friction between the specimen surfaces and the jig. The six bolts were loosely 
tightened to prevent buckling of the specimen about its weak axis, while at the same 
time allowing lateral expansion of the specimen due to the Poisson’s effect. The 
rotational base was initially left free to rotate to allow flush contact between the top and 
bottom surfaces of the specimen and the end platens, after which it was locked in place 
for the remainder of the test, to ensure a fixed-ended support condition. 
A consistent strain rate of 0.1 mm/min was applied. Each test was repeatedly halted for 
2 minutes in order to obtain the static material properties.  
Table 4.4 contains the details of each individual test. A total of 12 specimens were tested, 
with twin tests being performed in each of the three directions considered for each of 
the two alloys. The symbol b denotes the coupon width, L is the coupon length and A 
stands for the cross-sectional area. Fig. 4.3 and Fig. 4.4 provide the resulting stress-
strain curves of the 304 and the 404 tests respectively. 
Table 4.5 shows the measured (static) compressive properties in each direction for each 
alloy, averaged out over each pair of tests.  
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Figure 4.1. Compressive Coupon Test Set-Up 
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Table 4.4. Coupon Test Results: Compressive Properties of the Flat Material 
Specimen Material θ Strain Rate Number b A L E0 σ0.01% σ0.2% n 
- - o  (1) mm/min  of Plies mm mm2 mm GPa MPa MPa - 
304_LC_1 304 0 0.1 7 25.01 210.04 92.90 190 86 240 3 
304_LC_2 304 0 0.1 7 24.97 209.78 92.85 191 82 246 3 
304_DC_1 304 45 0.1 8 25.02 240.19 92.96 196 127 246 4.5 
304_DC_2 304 45 0.1 7 25.00 209.97 92.97 190 118 243 4 
304_TC_1 304 90 0.1 7 24.98 209.86 92.84 207 108 251 4 
304_TC_2 304 90 0.1 7 24.98 209.83 92.86 211 120 248 4 
404_LC_1 404 0 0.1 7 25.00 210.00 92.97 193 206 293 8.5 
404_LC_2 404 0 0.1 7 24.98 209.86 93.01 197 215 286 10.5 
404_DC_1 404 45 0.1 7 25.02 210.14 92.92 199 262 322 14.5 
404_DC_2 404 45 0.1 7 24.98 209.80 92.88 201 253 318 13 
404_TC_1 404 90 0.1 7 24.99 209.89 92.91 199 226 326 8 
404_TC_2 404 90 0.1 7 25.03 210.25 92.90 217 247 323 11 
(1)  θ   is the angle between the rolling direction and the longitudinal axis of the test coupon. 
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Figure 4.2. 304 Compressive Stress-Strain Curves 
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Figure 4.3. 404 Compressive Stress-Strain Curves 
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Table 4.5. Average Measured Compressive Properties of the Flat Material 
Material Dir. θ E0 σ0.01% σ0.2% n Aniso. 
  o (1) GPa MPa MPa - Ratio 
LC 0 191 84 243 3 1.00 
DC 45 193 123 245 4.5 1.01 304 
TC 90 209 114 250 4 1.03 
LC 0 195 210 290 9.5 1.00 
DC 45 200 257 321 13.5 1.10 404 
TC 90 208 236 325 9.5 1.12 
(1) θ  is the angle between the rolling direction and the direction considered. 
 
The non-linear behaviour of both alloys is even more pronounced in compression than 
in tension, reflected by lower proportionality limits and lower n-values. The austenitic 
304 alloy displays only very moderate anisotropy, while the anisotropic behaviour is 
more evident in the ferritic alloy and reaches 12% in the transverse direction. The 
transverse directions reveal the highest 0.2% proof stress, while the longitudinal 
directions exhibit the lowest 0.2% proof stress. Properties are different in tension (Table 
4.2) and compression (Table 4.5). These conclusions concur with the earlier findings of 
Chapter 3. 
Table 4.6 summarizes the compressive properties of the 304 alloy specified by the 
Australian and European standards. Both standards correctly predict little or no 
anisotropy. AS/NZS 4673 (2001) underestimates the 0.2% proof stress by 20%, while 
EN1993-1-4 (2006) is more accurate with only a 5% error. It is felt however that the n-
values put forward by the Eurocode are on the high side. 
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Table 4.6. Specified Compressive Properties of the 304 Alloy 
Material Dir. θ E0 σ0.01% σ0.2% n Aniso. 
  o (1) GPa MPa MPa - Ratio 
LC 0 195 90 195 4 1.00 
AS4673 
TC 90 195 135 205 7 1.05 
LC 0 200 140 230 6 1.00 
EC3 
TC 90 200 158 230 8 1.00 
(1) θ  is the angle between the rolling direction and the direction considered. 
 
4.2.3 Material Properties of the Corners 
 
Longitudinal tensile tests were carried out on small coupons cut from the corner zones 
to assess the influence of cold-working on the material properties. Compressive tests 
proved to be impractical due the limited thickness of the material and the small corner 
radius. The coupons were manufactured with a nominal width of 6 mm, as illustrated in 
Fig. 4.4, and a gauge length of 24 mm. All dimensions conformed to the specifications 
of AS/NZS 1391. 
 
6 m
m
 
Figure 4.4. Corner Coupons 
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Table 4.7. Coupon Test Results: Tensile Properties of the Corners 
Specimen Material Strain Rate b A E0 σ0.01% σ0.2% σu n Elongation 
- - mm/min  mm mm2 GPa MPa MPa MPa - % 
304CNR_LT_1 304 0.50 6.01 8.01 (165) 290 398 714 9.5 55 
304CNR_LT_2 304 0.50 6.03 8.03 (150) 225 375 719 6 57 
404CNR_LT_1 404 0.50 5.98 8.55 (170) 186 333 427 5 26 
404CNR_LT_2 404 0.50 6.05 8.67 (188) 213 419 466 4.5 14 
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Figure 4.5. 304 Tensile Stress-Strain Curves 
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Figure 4.6. 404 Tensile Stress-Strain Curves 
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Two coupons were tested for each alloy. The specimens were identified by a label 
specifying the alloy, followed by “CNR” to indicate they were cut from a corner area, 
“LT” to indicate longitudinal tension, and a serial number. For instance 304CNR_LT_2 
is the second coupon cut from the corner material of a 304 channel. 
All four specimens were instrumented with two 2 mm strain gauges at mid-length, one 
on either side of the specimen.  
The coupons were tested in a 100 kN MTS 810 material testing machine with hydraulic 
wedge grips. The ends of the coupons were flattened to allow the testing machine to 
develop sufficient grip. A constant displacement rate of 0.5 mm/min was applied, which 
corresponds to a strain rate of approximately 2x10-4/s. This is near the low end of the 
range specified by AS/NZS 1391. The test was repeatedly halted for 2 minutes to obtain 
the static material properties. 
Table 4.7 lists the details of each test. Average (static) material properties are provided 
in Table 4.8. Since a small eccentricity inevitably existed between the centroid of the 
corner area and the work line of the applied load, introduced at the flattened coupon 
ends, the initial part of the measured stress-strain curve was to some degree affected by 
bending. The effect of bending cannot simply be eliminated by averaging the strain 
gauge readings, since the mid-point between the gauges does not coincide with the 
centroid. This explains the lower-than-expected values of the initial Young’s moduli E0, 
listed in brackets in Table 4.7. However, it was observed that the readings of both strain 
gauges converged towards each other as the load increased and the effect of bending 
diminished.  
 
Table 4.8. Average Measured Tensile Properties of the Corners 
Material Dir. θ σ0.01% σ0.2% σu n Elongation 
  o (1) MPa MPa MPa - %  
304 LT 0 257 387 717 7.5 56 
404 LT 0 199 376 447 4.5 20 
(1) θ  is the angle between the rolling direction and the direction considered. 
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Figures 4.5 and 4.6 display the stress-strain curves of the corner tensile coupons and 
make a graphic comparison with the longitudinal tensile stress-strain curves of the flat 
material.  
It can be concluded that cold-working has a profound effect on the material properties. 
The effect is most pronounced in the austenitic 304 alloy, where the 0.2% proof stress 
increased by 50%, while the ferritic 404 alloy showed a gain of 25%. The ultimate 
tensile strength σu stayed roughly the same, while the ductility, measured on the gauge 
lengths prescribed by the Australian standards, decreased by roughly 15% in each alloy.  
Fig. 4.7b shows the coupons before and after testing, while Fig. 4.7a illustrates the test 
set-up. 
304
404
 
Figure 4.7. a. Test Set-Up, b. Coupons Before and After Testing 
 
4.3  Section Design and Geometry 
  
I-sections were manufactured by connecting brake-pressed plain channels in a back-to-
back position. The nominal dimensions shown in Fig. 4.8 were submitted to a 
specialized sheet metal fabrication shop. 
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Figure 4.8. Nominal Channel Dimensions (mm) 
 
The geometry of the channel was obtained through a trial-and-error process. A cross-
sectional slenderness value λs of 2.0 was targeted. At the same time, the section was 
dimensioned such that, given a sheet length of 3048 mm, the overall slenderness λo 
would reach up to about 2.0 for the longest specimens.  
The software package ThinWall (Papangelis and Hancock 1995), which implements the 
finite strip method for elastic materials, was used in the design. Figure 4.9 plots the 
ThinWall output for a cross-section comprised of back-to-back channels with the 
dimensions shown in Fig. 4.8. The software assumes that the degrees of freedom of the 
nodes at the top and bottom of the webs are coupled. The elastic buckling stress is 
plotted against the buckling half-wavelength. The minimum corresponding to the 
shorter half-wavelengths is associated with the local buckling mode, while the 
asymptotic curve for higher half-wavelengths corresponds to (minor axis) overall 
flexural buckling. Performing the analysis with an initial modulus E0 of 191 GPa 
yielded an elastic local buckling stress of 62.9 MPa and thus a cross-sectional 
slenderness value λs of 1.97 for the 304 alloy I-section. An initial modulus E0 of 195 
GPa resulted in an elastic local buckling stress of 64.2 MPa and a cross-sectional 
slenderness value λs of 2.13 for the 404 alloy I-section. 
Specimens of the 304 and 404 alloy series were manufactured with nominally identical 
geometry, which allowed a direct comparison between the behaviour of the two alloys.      
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Figure 4.9. ThinWall Analysis 
 
A range of six different lengths was selected for the specimens: 500 mm, 1000 mm, 
1500 mm, 2000 mm, 2500 mm and 3000 mm. A length of 3000 mm corresponds to an 
overall slenderness λo of 1.90 for the 304 alloy and a λo of 2.06 for the 404 alloy. Twin 
specimens were fabricated for each length for each alloy, amounting to a total of 24 
specimens.   
48 channels of suitable lengths were connected back-to-back using sheet metal screws, 
as illustrated in Fig. 4.10. The screws were installed on either side of the webs, as close 
to the flanges as allowed for easy installation. The longitudinal spacing of the 
connection points was determined using Section 4 of AS/NZS 4673 (2001). Clause 
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4.1.1(1) determines the maximum spacing smax of connectors joining two channels to 
form an I-section in compression as follows: 
y
cye
max r2
rL
s =
         (4.3) 
where Le is the effective length, rcy is the radius of gyration of one channel about its 
centroidal axis parallel to the web and ry is the radius of gyration of the I-section about 
its minor axis. Eq. (4.3) follows from the condition that flexural buckling of the 
individual channels between connection points about an axis parallel to the web should 
not govern over (minor axis flexural) buckling of the entire I-section, even when one 
connection becomes loose or ineffective. 
For the geometry under consideration, Eq. (4.3) translates into: 
5.2
Ls emax =          (4.4) 
A value of L/3 was adopted for smax, while for the longer specimens conservatively an 
upper bound of 500 mm was maintained.    
 
Figure 4.10. Back-to-Back Connections 
 
The webs of the channels were also welded together at both specimen ends using a 
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number of spot welds, to enable the ends to be machined square and thus ensure a 
uniform introduction of the load into both channels. During the milling, the specimens 
were packed with solid steel blocks to avoid distortion of the cross-section, as illustrated 
in Fig. 4.11. Blue paint was applied to the end sections to ensure that the entire section 
received a pass during milling and that no low points were left behind. 
 
 
Figure 4.11. Milling the Specimen Ends 
 
Each specimen was identified by a label starting with “I” to indicate the I-shaped cross-
section, followed by the alloy, the specimen length in mm, and a serial number. For 
instance, I404_1000_2 is the second 1000 mm long specimen made of 404 stainless 
steel.   
The precise dimensions of each specimen were measured and are listed in Table 4.9 for 
the 304 specimens and Table 4.10 for the 404 specimens, using the nomenclature 
defined in Fig. 4.12. The symbol r is the radius along the mid-plane of the plate. The 
cross-sectional dimensions were measured with a digital vernier caliper with a specified 
accuracy of 0.03 mm. The specimen length was measured using a tape measure with 1 
mm divisions. All listed dimensions are the average of several measurements. The 
average cross-sectional dimensions of each alloy series are also listed with their 
standard deviations.  
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Figure 4.12. Cross-Sectional Dimensions 
 
 
Table 4.9. 304 Specimen Dimensions 
Specimen L Le d 2b t  r 
I304_500_1 500 636 126.48 97.02 1.20 4.63 
I304_500_2 501 636 126.37 96.77 1.20 4.39 
I304_1000_1 999 1135 126.30 96.82 1.21 4.31 
I304_1000_2 999 1135 126.35 96.74 1.21 4.37 
I304_1500_1 1499 1635 126.42 96.80 1.20 4.17 
I304_1500_2 1498 1634 126.24 96.73 1.20 4.59 
I304_2000_1 2000 2118 126.61 96.85 1.19 4.07 
I304_2000_2 2000 2118 126.42 96.79 1.20 4.34 
I304_2500_1 2497 2615 126.50 96.86 1.20 4.31 
I304_2500_2 2497 2615 126.34 96.85 1.20 4.49 
I304_3000_1 2999 3117 126.31 97.02 1.19 4.28 
I304_3000_2 3000 3118 126.23 97.07 1.20 4.06 
Average - - 126.38 96.86 1.20 4.33 
St. Dev. - - 0.11 0.12 0.005 0.18 
All dimensions are in mm. 
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Table 4.10. 404 Specimen Dimensions 
Specimen L Le d 2b t  r 
I404_500_1 499 635 125.05 96.63 1.22 3.08 
I404_500_2 499 635 124.99 96.60 1.21 3.19 
I404_1000_1 999 1135 125.48 96.53 1.22 3.04 
I404_1000_2 999 1135 125.24 96.60 1.22 3.14 
I404_1500_1 1500 1636 125.34 96.35 1.21 3.16 
I404_1500_2 1499 1635 125.47 96.54 1.20 3.30 
I404_2000_1 1999 2117 125.36 96.25 1.21 3.16 
I404_2000_2 1999 2117 125.28 96.52 1.21 3.17 
I404_2500_1 2497 2615 125.12 96.80 1.21 3.02 
I404_2500_2 2499 2617 125.16 96.81 1.22 2.99 
I404_3000_1 3001 3118 125.28 96.68 1.21 3.05 
I404_3000_2 2999 3117 125.12 96.64 1.21 3.06 
Average - - 125.24 96.58 1.21 3.11 
St. Dev. - - 0.16 0.16 0.006 0.09 
All dimensions are in mm. 
 
Using the average measured dimensions, the cross-sectional slenderness values λs were 
accurately determined for each alloy and are listed in Table 4.11. 
 
Table 4.11. Cross-Sectional Slenderness Values 
Material E0 σcr (1) σ0.2% λs Lcr Pcr  (2) 
 GPa MPa MPa - mm kN 
304 191 62 243 1.98 144 32.3 
404 195 64 290 2.13 143 33.3 
(1) Elastic local buckling stress obtained from ThinWall. 
(2) Pcr = A.σcr 
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4.4  Imperfection Measurements 
 
Since the interaction of local and overall buckling is sensitive to the presence of 
imperfections (Van der Neut 1969), it is important to establish an appreciation of the 
magnitude and the shape of the imperfections of the test specimens. To achieve this, the 
set-up was used which was previously described in Chapter 3 (section 3.4). Three lasers 
were mounted on a frame, which was pulled along high-precision bars at constant speed 
by an electrical motor, while accurately measuring the distances to the specimen surface 
(Fig. 4.13). The translational speed of the frame was set at 10 mm/s, while the sampling 
rate was 10 Hz, resulting in one reading every millimeter.   
 
Figure 4.13. Imperfection Measurements: Set-Up 
 
Imperfections were measured along 10 lines, as indicated in Fig. 4.14. Lines 1 to 4 were 
measured about 5 mm in from the flange tips, lines 6 and 9 are located along the centre 
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lines of the webs, and lines 5, 7, 8 and 10 lie about 5 mm in from the rounded corners. 
By convention, the imperfections were considered positive in the directions indicated by 
Fig. 4.14. As the stainless steel finish was highly reflective, it proved necessary to apply 
white tape along the measuring lines to obtain stable readings. The inside of the 304 
channels formed an exception since one side of the plate had received a different, duller, 
finish and stable readings could be obtained without tape.  
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Figure 4.14. Imperfection Measurements 
 
An example of the imperfection readings of a typical specimen (I404_2500_1) can be 
found in Figs. 4.15a and 4.15b, for one of the flanges and one of the webs respectively. 
The readings are slightly affected by vibrations in the set-up, but good accuracy was 
nevertheless achieved. The location of the connectors is indicated in the diagrams and 
usually shows up in the readings as a local bump or dent. Similar figures were prepared 
for all imperfection data of all 24 specimens and can be found in Appendix F. A Fourier 
analysis was performed on the data of each measuring line and the Fourier series was 
truncated after a number of terms to eliminate the contribution of the high-frequency 
vibrations. However, terms well beyond the local buckling half-wavelength were 
retained. The truncated Fourier series is shown in solid black line in Figs. 4.15a and 
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4.15b. The Fourier coefficients of each measuring line of each specimen are tabulated in 
Table F.1 for the 304 specimens and Table F.2 for the 404 specimens.      
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Figure 4.15a. 404_2500_1 Flange Imperfections 
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Figure 4.15b. 404_2500_1 Web Imperfections 
 
Observation of the imperfection readings shows that the global imperfections about the 
minor axis are fairly small. The global imperfection at mid-length vo was calculated 
from the readings of lines 5, 7, 8 and 10 at x/L = 0.5. The Fourier representation was 
used rather than the actual readings. Taking into account the sign convention of Fig. 
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4.14: 
 
vo  =  [(line 5) + (line 7) – (line 8) – (line 10)] / 4          (4.5) 
 
The global imperfection vo of each specimen is listed in Table 4.12. Averaged over all 
24 specimens, a mean value of L/10500 emerged. It can logically be expected that, 
when connecting channels in a back-to-back position, the resulting average overall 
imperfection is less than the average value of the imperfection of the individual 
channels, which explains the fairly small value of vo.   
A representative value of the amplitude of the local imperfection is needed for further 
numerical analysis. The method described by Hasham and Rasmussen (2002) was used. 
It recommends that a representative value of the local flange imperfection vflange be 
calculated as the average of the absolute values of d1, d2, d3 and d4 at mid-length (Fig. 
4.16).     
d
d
d
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Figure 4.16. Local Flange Imperfection 
 
vflange  =  ( | d1 | + | d2 | + | d3 | + | d4 | ) / 4     (4.6) 
 
However, lines 1 to 4 are measured relative to the corresponding points at the specimen 
ends, not relative to the extremities of the web indicated by the dashed lines in Fig. 4.16, 
and include the possible contribution of an overall imperfection about the strong axis of 
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Table 4.12. Imperfection Measurements at Mid-Length  (All dimensions in mm) 
 1 2 3 4 vm vflange 6 9 vweb 5 7 8 10 vo 
I304_500_1 -0.004 -0.023 -0.475 0.264 0.046 0.214 -0.148 -0.078 0.184 0.255 0.113 -0.005 -0.078 0.113 
I304_500_2 -0.116 -0.303 -0.055 0.475 -0.209 0.179 0.058 -0.121 0.012 0.110 0.033 -0.102 -0.121 0.092 
I304_1000_1 0.247 0.077 -0.204 -0.003 0.133 0.093 0.046 -0.050 0.040 0.018 0.037 0.073 -0.050 0.008 
I304_1000_2 0.092 0.100 0.167 -0.104 0.032 0.100 -0.098 0.113 0.102 -0.122 0.053 -0.166 0.113 -0.004 
I304_1500_1 -0.219 -1.816 -0.730 -0.118 -0.297 0.759 -0.344 -0.132 0.045 -0.315 -0.319 -0.257 -0.132 -0.061 
I304_1500_2 -0.258 0.388 -0.212 0.061 0.070 0.230 -0.171 -0.158 0.024 -0.263 -0.110 -0.223 -0.158 0.002 
I304_2000_1 -0.374 -0.774 -0.545 -0.398 -0.051 0.523 -0.063 -0.349 0.113 -0.015 -0.259 -0.043 -0.349 0.030 
I304_2000_2 -0.465 -0.812 -0.620 -0.367 -0.073 0.566 0.018 -0.503 0.027 0.069 0.057 -0.520 -0.503 0.287 
I304_2500_1 -0.841 -0.761 -0.248 -0.988 -0.092 0.709 0.204 -1.064 0.093 0.357 0.171 -0.814 -1.064 0.602 
I304_2500_2 0.115 -1.092 -0.042 -1.756 0.205 0.775 1.049 -1.809 0.375 1.248 0.336 -0.824 -1.809 1.054 
I304_3000_1 -0.227 -0.554 -0.634 -0.006 -0.035 0.355 -0.203 -0.331 0.107 -0.206 0.013 -0.545 -0.331 0.171 
I304_3000_2 -0.584 -0.687 -0.452 -0.350 -0.118 0.518 -0.306 -0.308 0.084 -0.150 -0.245 -0.189 -0.308 0.026 
 Average     -0.032 0.419   0.100      
I404_500_1 0.456 0.308 0.305 0.401 0.015 0.368 0.123 -0.050 0.058 0.030 0.009 -0.077 -0.050 0.041 
I404_500_2 0.488 0.319 0.660 0.455 -0.077 0.480 -0.128 -0.091 0.069 0.012 -0.075 -0.007 -0.091 0.009 
I404_1000_1 0.245 0.171 -0.118 0.263 0.068 0.165 0.275 0.041 0.089 0.126 0.071 0.037 0.041 0.030 
I404_1000_2 -0.090 0.344 0.162 0.105 -0.003 0.174 0.035 0.071 0.017 -0.108 0.163 0.124 0.071 -0.035 
I404_1500_1 -0.891 0.417 -0.540 -0.148 0.054 0.473 -0.244 0.774 0.327 -0.246 0.302 0.010 0.774 -0.182 
I404_1500_2 -0.077 0.246 -0.298 -0.470 0.234 0.156 0.139 0.929 0.226 0.364 0.238 0.351 0.929 -0.170 
I404_2000_1 0.092 -0.563 -0.383 -0.359 0.068 0.315 -0.586 -0.371 0.208 -0.204 -0.637 0.132 -0.371 -0.151 
I404_2000_2 -0.590 -0.662 -0.407 -0.518 -0.081 0.544 -0.412 -0.487 0.120 -0.200 -0.433 -0.197 -0.487 0.013 
I404_2500_1 -0.456 -0.555 -0.428 -1.272 0.172 0.678 -0.175 -0.635 0.076 -0.133 -0.337 -0.449 -0.635 0.154 
I404_2500_2 -0.800 -0.531 -1.024 -0.246 -0.015 0.650 -0.400 -0.140 0.215 -0.808 -0.269 -0.723 -0.140 -0.054 
I404_3000_1 -0.042 -0.624 -0.486 -0.998 0.204 0.538 -0.130 -1.009 0.216 -0.027 -0.485 -0.400 -1.009 0.224 
I404_3000_2 -1.663 0.139 -1.597 -0.009 0.021 0.848 0.361 -0.857 0.286 -0.229 0.995 -1.959 -0.857 0.895 
 Average     0.055 0.449   0.159      
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the specimen. If the specimens were to have no overall imperfection in this direction, 
the statistic average of the variable 
 
vm  =  [(line 1) + (line 2) – (line 3) – (line 4)] / 4    (4.7) 
 
over a theoretically infinite number of measurements would be zero. Thus, in the 
presence of an overall imperfection, an estimate of this imperfection can be obtained by 
calculating vm at mid-length. The local flange imperfection vflange can subsequently be 
calculated as: 
 
vflange  =  [ |(line 1) – vm| + |(line 2) – vm| + |(line 3) + vm| + |(line 4) + vm| ] / 4  (4.8) 
 
where the readings of line 1 to line 4 are obtained at mid-length.  
vflange, averaged over all available specimens, is then accepted as a representative value 
of the local flange imperfection. Table 4.12 shows that the average value of vm over all 
specimens is roughly zero, which is consistent with our rationale. 
The local web imperfection vweb of each specimen can be calculated as: 
 
vweb  =  ( |vweb1| + |vweb2| ) / 2  
 
vweb1  =  (line 6) – [ (line 5) + (line 7) ] / 2 
 
vweb2  =  (line 9) – [ (line 8) + (line 10) ] / 2     (4.9) 
 
where all measurements are taken at mid-length. The average value of vweb over all 
available specimens constitutes a representative value of the local web imperfection. 
The calculations are summarized in Table 4.12. The average value of vflange is 0.42 mm 
for the 304 specimens and 0.45 mm for the 404 specimens. The average vweb value is 
0.10 mm for the 304 specimens and 0.16 mm for the 404 specimens.  
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4.5  Interaction Buckling Tests 
 
4.5.1  Test Set-Up 1 
 
All specimens were tested between pinned ends under an axial load, applied with a 
nominal eccentricity of Le/1500. The test set-up pictured in Fig. 4.17 was used for all 
304 and 404 specimens with a nominal specimen length up to (and including) 2000 mm.  
Eight LVDTs were used to record the specimen deformations. LVDTs B1 and B2 
allowed for the bottom end rotation to be determined, while T1 and T2 registered the 
top end rotation. The axial shortening of the centroidal axis could be calculated from the 
T1, T2, B1 and B2 readings. D1 and D2 were placed at mid-length, at the extremities of 
the web, just in from the rounded corners. They recorded the overall lateral 
displacement of the mid-section, while keeping watch for a possible twist of the cross-
section about the longitudinal axis. LVDTs L1 and L2 were used to measure the local 
buckling displacements of the flange tips. L1 and L2 were placed 75 mm apart, which is 
approximately one quarter-wavelength, so that the onset of local buckling could be 
detected even when one LVDT coincidentally coincided with an inflexion point of the 
local buckling pattern. L1 was located at mid-length for the 500 mm long specimens, 
and at a distance of 425 mm from the bottom end section for all other specimens. L1 
and L2 were placed relatively close to the specimen end to minimize the effect of the 
overall displacements on the readings. Indeed, as the specimens bent out about the 
minor axis, L1 and L2 slid towards the web. Nevertheless, they could be used to give a 
reliable measurement of the local buckling load and the initial local buckling 
displacements. The load was consistently applied with an eccentricity towards the left in 
Fig. 4.17, so that the overall bending superimposed tension on the flange tips located on 
the right-hand side.  
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Figure 4.17. Test Set-Up 1 
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Figure 4.18. Top and Bottom Hinge Assemblies 
 
The specimens were placed in a 2000 kN capacity DARTEC testing machine between 
the hinge assemblies illustrated in Fig. 4.18. Two 690 MPa top plates were bolted to the 
hinges to protect the assemblies. The distance between the hinge axis and the top of the 
plate was measured to be 68 mm. Twice this distance needed to be added to the 
specimen length L to obtain the effective length Le. The top plates were removed when 
testing the 2000 mm long specimens (since the ultimate stresses remained fairly low), to 
maximize the free height in the machine, which was near the end of its traveling range. 
In this case the distance from the hinge axis to the top surface was measured to be 58 
mm. 
The specimens were positioned in the set-up with the desired eccentricity, which was 
achieved with the aid of the centerlines scribed on the hinge top plates (Fig. 4.19). As a 
verification of this procedure, specimen I304_2000_1 was instrumented with four 
strain-gauges on the flange tips at mid-length, as illustrated in Fig. 4.20. This allowed an 
accurate determination of the initial load eccentricity. 
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Figure 4.19. Load Eccentricity 
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Figure 4.20. Location of the Strain Gauges 
 
A consistent strain rate of 1.7x10-6/s was applied to all specimens. This was achieved by 
varying the displacement rate between 0.05 mm/min for the 500 mm long columns and 
0.2 mm/min for the 2000 mm long columns.  
A VISHAY 5100B data acquisition system was used to sample the data at a rate of 1 Hz. 
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Figure 4.21. Test Set-Up 2 
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4.5.2  Test Set-Up 2 
 
Since the DARTEC testing machine did not have sufficient free height to accommodate 
the 2500 mm and 3000 mm long specimens, a separate set-up was devised, which is 
shown in Fig. 4.21. The columns were tested in a horizontal position. The self-weight of 
the columns is a mere 0.041 kN/m and caused negligible bending moments about the 
major axis. The two triangular frames shown in Fig. 4.21 were clamped onto a rail 
system which was anchored in the structural floor, and were connected by angle 
sections functioning as a tension element. After testing the 2500 mm long columns, the 
angles were cut, the frames moved apart and a new tension element welded in to 
accommodate the 3000 mm specimens. 
The load was applied by a 500 kN capacity jack, which was connected to MTS controls 
to allow stroke-controlled operation of the set-up. A constant displacement rate of 0.2 
mm/min was maintained.  
The hinge assemblies were mounted onto the ram of the jack on one side, and onto the 
reaction frame on the other side, as shown in Fig. 4.22. The distance between the centre 
of the pin and the top plate was measured to be 58 mm. The nominal load eccentricity of 
Le/1500 was once again achieved by means of the scribed centerlines on the hinge top 
plates. 
 
   
Figure 4.22. Hinge Assemblies 
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Eight LVDTs were placed in locations similar to test set-up 1. T1 and T2 measured the 
end rotations at the jack, while B1 and B2 measured the rotations at the opposite end. 
The foursome of T1, T2, B1 and B2 determined the axial shortening of the column. D1 
and D2, placed near the web-flange corners, recorded the overall lateral displacements 
of the column at mid-length. L1 and L2, placed at the flange tips, measured the local 
buckling displacements. L1 and L2 were placed 75 mm apart, with L2 at a distance of 
400 mm from the specimen end.   
The data was recorded using a VISHAY 5100B data acquisition system with the 
sampling rate set at 2Hz. 
 
4.5.3  Observations and Test Results 
 
4.5.3.1  Inelastic Local Buckling Load 
 
Figure 4.23 shows the readings of the L1 and L2 transducers of the 500 mm long 304 
and 404 specimens. They indicate the onset of (inelastic) local buckling at a load of 
approximately 26 kN for the 304 specimens and at an average load of 35.5 kN for the 
404 specimens. The elastic local buckling load was previously calculated in Section 4.3 
using the ThinWall software, and was found to be 32.3 kN for the 304 specimens and 
33.3 kN for the 404 specimens. The corresponding stresses were 62.5 MPa and 64.2 
MPa respectively. While for the 404 material, the elastic and inelastic local buckling 
loads show good correspondence, indicating a fairly linear stress-strain diagram below 
the local buckling stress, the inelastic local buckling load of the 304 specimens is 
clearly affected by the highly non-linear behaviour of the 304 alloy in compression. 
This non-linearity is reflected in a low n-value of 3 and a low proportionality limit of 
just 84 MPa. By comparison, the 404 alloy displayed a proportionality limit of 210 MPa 
and an n-value of 9.5. 
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Figure 4.23. Inelastic Local Buckling Load 
 
Chapter 4                       Experimental Study of Doubly Symmetric Cross-Section Columns 
 
 125
0
5
10
15
20
25
30
35
0 500 1000 1500 2000 2500 3000 3500
Specimen Length (mm)
Lo
ad
 (k
N
)
 Visual Observation
 LVDTs
304
 
0
5
10
15
20
25
30
35
40
45
0 500 1000 1500 2000 2500 3000 3500
Specimen Length (mm)
Lo
ad
 (k
N
)
 Visual Observation
 LVDTs
404
 
Figure 4.24. Observed Onset of Local Buckling 
 
Figure 4.24 displays the load at which the onset of local buckling was observed during 
the tests. These values were derived from the L1 and L2 LVDT readings. It is noted that 
no values are included for the I304_1500_2, I304_2500_1, I404_2000_2 and 
I404_3000_2 tests, since no conclusive data could be derived from the L1 and L2 
readings. The load at which local buckling was first visually observed during the test is 
also indicated in the diagrams. It can be seen that the local buckling pattern emerged at 
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progressively lower loads when the specimen length increased, due to the effect of 
overall bending and the increase in load eccentricity. The consistent gap between the 
visually registered onset of local buckling and the values derived from the transducer 
readings illustrate the difficulty in accurately pinpointing the onset of buckling from 
visual observation.  
 
4.5.3.2  Specimen Behaviour 
 
Local buckling was observed in all specimens before the peak load. In all cases, failure 
took place through interaction of local buckling and overall flexural buckling. 
Figure 4.25 illustrates the behaviour of a typical specimen I304_1000_2. Fig. 4.25a 
illustrates the initial set-up, while picture 4.25b was taken when local buckling was first 
observed. The shorter (500 mm and 1000 mm long) specimens initially displayed a local 
buckling pattern with roughly equal amplitude in the flanges of both channels. As the 
axial load increased and the specimen bent out about the minor axis, the amplitude of 
the buckles in the compression flange increased more significantly, thus highlighting the 
interaction effect. This is illustrated by picture 4.25c, which was taken at the peak load.  
It should be noted that the terms ‘tension flanges’ and ‘compression flanges’ herein refer 
to the superimposed effect of overall bending only, and not necessarily to the actual 
stress state in the flanges. 
Past the peak load, the local buckling pattern localized on the compression side near 
mid-length, while the local buckles straightened out near the ends of the specimen and 
in the tension flange. Yield lines eventually started to appear, as illustrated by Fig. 4.25d. 
 
Chapter 4                       Experimental Study of Doubly Symmetric Cross-Section Columns 
 
 127
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.25. I304_1000_2 Specimen Behaviour 
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c. Peak Load 
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Figure 4.25 (cont’d). I304_1000_2 Specimen Behaviour  
 
d. Post-Peak 
 
Chapter 4                       Experimental Study of Doubly Symmetric Cross-Section Columns 
 
 129
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.26. I304_3000_1 Specimen Behaviour 
a. Initial 
b. Local Buckling Load 
c. Peak Load 
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Figure 4.26 (cont’d). I304_3000_1 Specimen Behaviour 
d. Post-Peak Deformations 
e. Post-Peak Deformations (End of Test) 
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Figure 4.26 illustrates the behaviour of one of the longer specimens, I304_3000_1, 
tested in set-up 2. Fig. 4.26a shows the initial set-up at zero load, while Fig. 4.26b 
illustrates the onset of local buckling. For the longer specimens, the local buckling 
pattern initially appeared with noticeably larger amplitude on the side where the load 
was eccentrically applied, as a result of the associated bending. As the load increased, 
the interaction effect continued to manifest itself through amplitude modulation (fig 
4.26 c, d and e). The local buckles localized at mid-length on the compression side in 
the post-peak range. 
The complete set of experimental data related to each test can be found in Appendix G. 
For each specimen four graphs are included. An example for a typical specimen 
(I404_1000_1) is given in Figure 4.27. A first graph (Fig. 4.27a) shows the axial 
shortening of the column versus the axial load or average axial stress. The axial 
shortening is calculated from the T1, T2, B1 and B2 LVDT readings and thus represents 
the specimen shortening between the platens of the pinned end supports. A second graph 
(Fig. 4.27b) displays the lateral displacements versus the axial load. It is seen that the 
measurements of LVDTs D1 and D2, located near the web-to-flange corners, show 
excellent agreement, indicating that no significant twisting of the mid-section about the 
longitudinal axis took place. This conclusion can be generalized to include all 24 
specimens. Fig. 4.27c plots the rotations of the end sections against the axial load. Fig. 
4.27d displays the readings of LVDTs L1 and L2, which measure the local buckling 
displacements of a flange tip. End rotations, lateral displacements and local 
displacements are considered positive according to the sign convention shown in Fig. 
4.28.  
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Figure 4.27a. I404_1000_1 : Axial Load vs. Axial Shortening 
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 Figure 4.27b. I404_1000_1 : Axial Load vs. Lateral Displacement 
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Figure 4.28. Sign Conventions 
 
 
4.5.3.3  Load Eccentricity 
 
Each specimen was placed in the set-up with a nominal eccentricity of Le/1500 at both 
ends, which was achieved by means of accurately scribed centre lines on the bearing 
plates of the hinge assemblies. To check the accuracy of this procedure, specimen 
I304_2000_1 was instrumented with four strain gauges on the flange tips at mid-length, 
as illustrated in Fig. 4.20. Under the common assumption that plane sections remain 
plane in bending, the initial eccentricity eo at mid-length can be derived from the initial 
linear portion of the strain gauge data using the equation:  
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( ) 2
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Ad
I2
e
21
21
G
yy
o
+−ε+ε
ε−ε=             (4.10) 
 
where ε1 is the average of the SG1 and SG3 readings, ε2 is the average of the SG2 and 
SG4 readings, and D1 and D2 are the readings of LVDTs D1 and D2. Iyy is the second 
moment of area about the minor axis, A is the cross-sectional area and dG is the distance 
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between the centerlines of the strain gauges, as indicated in Fig. 4.20. Figure 4.29 plots 
Equation (4.10) versus the load. An initial, fairly constant portion of the diagram can be 
observed after the specimen settles in under the load. An average eo value of 1.47 mm 
was derived from this initial part. On the other hand, the target eccentricity at the end 
sections was (2000 + 116)/1500 = 1.41 mm. Taking into account that the overall 
imperfection, derived from the imperfection data using Equation (4.5), is 0.03 mm, the 
corresponding target eccentricity at mid-length was 1.41 – 0.03 = 1.38 mm. It can thus 
be concluded that the target eccentricity was accurately achieved by positioning the 
specimen using the scribed lines on the bearing plates. 
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Figure 4.29. I304_2000_1 Initial Load Eccentricity 
 
The end eccentricities were closely watched during the test. In one instance, namely 
with specimen I304_500_1, a slight settlement occurred during the test and the 
eccentricity shifted at one end from the target value of 0.42 mm to about 4 mm. This 
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resulted in a larger end moment on the one side, which became apparent in the eventual 
failed shape and the lower than expected failure load compared to its twin specimen. 
Figure 4.30 compares the deformed shape after failure of twin specimens I304_500_1 
(left side of each picture) and I304_500_2 (right side of each picture). It should be 
stressed that no movement of the end sections took place in any of the other tests. 
 
   
Figure 4.30. I304_500_1 and I304_500_2: Failed Shape 
 
4.5.3.4  Ultimate Loads 
 
Table 4.13 summarizes the test results of the 304 alloy specimens, listing the overall 
imperfections about the minor axis vo, the load eccentricities eo and the static and 
dynamic ultimate loads Pu. Figure 4.31 graphically presents the (static) ultimate loads as 
a function of the effective length Le. The Euler curve, based on the initial modulus E0, 
and the elastic local buckling load, obtained from ThinWall, are also shown.  
With the exception of the 500 mm long specimens (for the reasons stated above), the 
ultimate loads obtained from twin tests of the 304 series are a close match. All pairs of 
results lie less than 3% apart (typically about 1%), with the exception of the 3000 mm 
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long specimens, where the difference is 2.3 kN or 13%. It should be noted that the 3000 
mm long specimens are situated in an area of the strength curve which was identified by 
Van der Neut (1969) as being the most sensitive to imperfections. The capacity of these 
specimens is slightly lower than the inelastic buckling load, which was found in section 
4.5.3.1 to be approximately 26 kN, and the corresponding strength points are located on 
the part of the strength curve which transitions from the local buckling load into the 
overall buckling curve. Here, a small difference in the specimen imperfections results in 
a significant difference in ultimate load.  
Table 4.14 provides an overview of the test data of the 404 alloy specimens. Figure 4.32 
plots the (static) ultimate loads of these specimens versus the effective length Le, while 
also showing the Euler curve and the elastic local buckling load (both of them are again 
based on the initial modulus E0). It is seen that the results of twin tests of the 404 series 
again closely match each other. They are in all cases separated by a difference of less 
than 3%, except for the 2500 mm long specimens, where the difference is 10%, and the 
3000 mm long specimens, where the difference is 13%. The greater variability in test 
results for the longer specimens can again be attributed to the imperfection sensitivity of 
the strength curve around the local buckling load. In section 4.5.3.1, the elastic and 
inelastic buckling loads of the 404 section were found to be in each others vicinity, 
reaching approximately 35 kN. The strength curve (Fig. 4.32) reveals a fairly 
pronounced ‘flattening’ around the local buckling load, in agreement with Van der 
Neut’s theory. The 304 strength curve (Fig. 4.31) hints towards the same trend, although 
more data points at longer lengths would be necessary to draw a definite conclusion.  
Since the 304 and 404 specimens were designed with identical geometry, a direct 
comparison of the test results is possible. It can be concluded that the more pronounced 
non-linearity, the earlier loss of stiffness and the lower 0.2% proof stress of the 304 
alloy are reflected in the lower ultimate capacities of the 304 specimens.  
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Table 4.13. 304 Column Test Results 
Specimen Material Length Overall Imp. Eccentricity Ultimate Load Pu 
  L Le vo eo,end eo,mid Dynamic Static 
  (mm) (mm) (mm) (mm) (mm) - (kN) (kN) 
I304_500_1 304 500 636 0.113 0.42/4.00 2.10 Le/303 52.92 51.09 
I304_500_2 304 501 637 0.092 0.42 0.33 Le/1912 57.20 55.24 
I304_1000_1 304 999 1135 0.008 0.76 0.75 Le/1516 49.02 47.25 
I304_1000_2 304 999 1135 -0.004 0.76 0.76 Le/1492 49.14 47.43 
I304_1500_1 304 1499 1635 -0.061 1.09 1.15 Le/1420 39.98 38.67 
I304_1500_2 304 1498 1634 0.002 1.09 1.09 Le/1503 38.75 37.63 
I304_2000_1 304 2000 2116 0.030 1.41 1.38 Le/1532 32.29 31.37 
I304_2000_2 304 2000 2116 0.287 1.41 1.12 Le/1883 32.05 31.07 
I304_2500_1 304 2497 2613 0.602 1.74 1.14 Le/2291 23.15 22.71 
I304_2500_2 304 2497 2613 1.054 1.74 0.69 Le/3798 23.40 22.94 
I304_3000_1 304 2999 3115 0.171 2.08 1.91 Le/1634 21.14 20.62 
I304_3000_2 304 3000 3116 0.026 2.08 2.05 Le/1519 18.66 18.30 
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Table 4.14. 404 Column Test Results 
Specimen Material Length Overall Imp. Eccentricity Ultimate Load Pu 
  L Le vo eo,end eo,mid Dynamic Static 
  (mm) (mm) (mm) (mm) (mm) - (kN) (kN) 
I404_500_1 404 499 635 0.041 0.42 0.38 Le/1663 71.73 69.83 
I404_500_2 404 499 635 0.009 0.42 0.41 Le/1531 73.74 71.79 
I404_1000_1 404 999 1135 0.030 0.76 0.73 Le/1562 58.17 56.53 
I404_1000_2 404 999 1135 -0.035 0.76 0.79 Le/1433 57.81 56.22 
I404_1500_1 404 1500 1636 -0.182 1.09 1.27 Le/1285 41.94 40.96 
I404_1500_2 404 1499 1635 -0.170 1.09 1.26 Le/1298 43.04 42.00 
I404_2000_1 404 1999 2115 -0.151 1.41 1.56 Le/1355 39.37 37.91 
I404_2000_2 404 1999 2115 0.013 1.41 1.40 Le/1514 38.64 37.48 
I404_2500_1 404 2497 2613 0.154 1.74 1.59 Le/1645 30.70 29.90 
I404_2500_2 404 2499 2615 -0.054 1.74 1.80 Le/1455 27.61 27.24 
I404_3000_1 404 3001 3117 0.224 2.08 1.85 Le/1681 21.33 21.20 
I404_3000_2 404 2999 3115 0.895 2.08 1.18 Le/2637 24.77 24.42 
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Figure 4.31. 304 Test Results 
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Figure 4.32. 404 Test Results 
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4.6  Summary 
 
A material testing program was carried out to determine the properties of austenitic 304 
and ferritic 404 stainless steel. For each alloy, the tensile properties of the flat plate 
material were determined in three directions: along the rolling direction of the plate, 
transverse to the rolling direction and under a 45 degree angle with the rolling direction. 
Compressive properties were measured in the same directions, using a specially 
designed test jig. The results reveal non-linear behaviour with a relatively low 
proportionality limit, which is especially pronounced in the austenitic 304 alloy. The 
non-linearity is reflected in a low Ramberg-Osgood parameter n, and is more distinct in 
compression than in tension. Anisotropy is minimal in the 304 alloy and more 
pronounced in the 404 alloy, reaching 12% in transverse compression. 
Small tensile coupons were cut from the rounded corner zones of the specimens to 
investigate the effect of cold-working on the material properties. It was concluded that 
cold-working significantly increases the 0.2% proof stress of the stainless steel alloys. 
The effect is more pronounced in the austenitic 304 alloy, where σ0.2% increased by 50%, 
while the ferritic 404 alloy showed a gain of 25%. 
24 long columns were tested under axial compression, applied with a nominal 
eccentricity of Le/1500. All specimens were tested between pinned ends. The specimen 
cross-section consisted of back-to-back channels, connected with sheet metal screws. 
For each alloy, six different specimen lengths were considered, ranging from 500 mm to 
3000 mm in 500 mm increments. Twin specimens were tested for each length. The tests 
were successful in achieving interaction between local and overall buckling. It was 
observed that the increase in local buckling amplitude under increasing load was most 
pronounced near mid-length on the side where the load was applied eccentrically, thus 
highlighting the interaction effect. The results from twin specimen test were generally in 
good agreement. A slightly larger variability in the test results was observed near the 
inelastic local buckling load, as a result of the heightened sensitivity to imperfections. A 
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flattening of the strength curve around the local buckling load was observed in the 404 
specimens. For an identical geometry, the 304 specimens displayed significantly less 
capacity than the 404 specimens, reflecting the higher degree of non-linearity and lower 
0.2% proof stress. 
Given the imperfection-sensitive nature of interaction buckling, imperfections were 
carefully measured for each specimen using reflected laser beams. A representative 
value of the local flange and web imperfections was derived for each alloy for further 
use in numerical modeling. 
This research remedies the lack of experimental data available on the interaction 
buckling of stainless steel I-columns. It provides the basis for further research, in 
particular the verification of a finite element model used in parametric studies, the 
evaluation of the current design guidelines and the development of a direct strength 
design approach.   
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Chapter 5 
 
 
Numerical Studies 
 
 
5.1  Introduction 
 
A detailed FE model is presented which was developed to study the interaction of local 
and overall buckling in stainless steel columns. In order to obtain a realistic model 
which recognizes the specific properties of stainless steel, the model includes non-linear 
stress-strain behaviour, anisotropy and enhanced corner properties.  
The model was calibrated against experiments and subsequently parametric studies were 
carried out to generate additional data. Simulations were run for lipped channels, plain 
channels, SHS and I-sections comprised of back-to-back channels, thus including singly 
symmetric as well as doubly symmetric cross-sections, and cross-sections composed of 
doubly supported plate elements as well as cross-sections including singly supported 
plate elements. Parametric studies were carried out covering the practical ranges of 
overall slenderness values and cross-sectional slenderness values. All columns were 
modeled with pinned end conditions. 
ABAQUS/CAE v.6.4 and v.6.5 were used in the numerical simulations. All FE runs 
were performed on a Dell PWS650 workstation with a 3.06GHz Intel Xeon processor 
and 2.0GB of internal memory.  
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5.2  Model Calibration 
 
5.2.1  Introduction 
 
The FE model was first calibrated against the experimental data reported in Chapter 3, 
which includes a total of 36 column tests on lipped channels. These columns were tested 
with pinned end conditions and incorporated three different stainless steel alloys: 
austenitic AISI304, ferritic AISI430 and ferritic-like 3Cr12. 
 
5.2.2  Material Properties 
 
5.2.2.1  Material Properties of the Flats 
 
The FE model was based on the measured material properties, obtained in Chapter 3. 
Figure 5.1 shows the compressive stress-strain curves of the flat material of the 304, 
3Cr12 and 430 alloys in the rolling direction, which corresponds to the longitudinal axis 
of the specimens. Static material properties were used as input in the FE model. 
ABAQUS requires the input of the material stress-strain curves in the form of true stress 
σt versus true strain εt. The true stresses and true strains, σt and εt, were calculated from 
the engineering stresses and engineering strains, σ and ε, as follows: 
 
εt  =  ln(1 + ε)        (5.1) 
 
σt  =  σ (1 + ε)        (5.2) 
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Figure 5.1. Longitudinal compressive (engineering) stress-strain curves. 
 
5.2.2.2  Enhanced Corner Properties 
 
It was previously demonstrated in Chapter 3 that significant strength enhancement can 
be achieved in the stainless steel alloys under consideration as a result of cold-working. 
The effect is most pronounced in the austenitic 304 alloy. Figure 5.1 includes the results 
of compression tests on coupons cut from the corners of the brake-pressed lipped 
channels. Since compression tests on the 430 corner material proved to be impractical 
due to its narrow thickness and small corner radius, the results of longitudinal tension 
tests on corner coupons were substituted for their compressive counterparts and were 
used instead as FE input.  
The stress-strain curves of the enhanced corner materials were input into ABAQUS in 
the form of true stress versus true strain data points. Static values were used. The 
increased properties were applied to the rounded corner areas in the way shown in 
Figure 5.2. 
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Figure 5.2. Corner Properties 
 
5.2.2.3 Anisotropy 
 
Anisotropic yielding was accounted for by means of Hill’s criterion (1950), which is a 
built-in feature of ABAQUS. According to Hill’s theory, the yield surface is described 
by the following equation: 
 
( ) ( ) ( ) 21221322322211211332332220 N2M2L2HGF τ+τ+τ+σ−σ+σ−σ+σ−σ=σ  (5.3) 
 
where the coefficients F, G, H, L, M and N are given by: 
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σ0 is the reference yield stress and τ0 is the reference shear yield stress, with: 
300 σ=τ
              (5.10) 
The R-coefficients are defined as follows: 
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In Eqs. (5.3)-(5.9), the 1-, 2- and 3-directions align with the principal axes of anisotropy. 
In what follows the 1-axis is chosen to coincide with the rolling direction of the plate, 
the 2-axis corresponds with the transverse plate direction and the 3-axis lies along the 
normal to the plate.  
Hill’s yield surface was combined with an isotropic hardening rule, meaning that the 
surface will expand relative to the origin of the principal stress space, while retaining its 
shape as strain hardening occurs. 
ABAQUS requires the user to input the 6 R-coefficients. R11 and R22 can directly be 
determined from the compression test results in the rolling direction and the transverse 
direction. When choosing the 0.2% proof stress in the rolling direction, σ11,0.2%, as the 
reference stress σ0: 
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%2.0,22
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σ==             (5.12) 
where σ22,0.2% is the 0.2% proof stress in the transverse plate direction.   
When performing a compression coupon test under an angle α with the rolling direction, 
the non-zero stress components are given by: 
,cossinsincos 12
2
22
2
11 αασ=σασ=σασ=σ         (5.13) 
where σ is the applied compressive stress. When choosing α as 45 degrees, the 0.2% 
proof stress in the diagonal direction σD,0.2% is reached when: 
2/%2.0,D122211 σ=σ=σ=σ             (5.14) 
Substituting the stresses (5.14) into Eq. (5.3) yields: 
N2GF4
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             (5.15) 
Subsequently substituting Eqs. (5.4), (5.5) and (5.9) into Eq. (5.15) results in: 
2
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σ
             (5.16) 
Eq. (5.16) establishes a relationship between R33 and R12. Carrying out a coupon test 
under a different angle α will result in linearly dependent equations and an in-plane 
shear test is necessary to determine R33 and R12 individually. Seen the technical 
difficulty of performing a shear test, it is instead assumed that:  
,
3
%2.0,D
%2.0,12
σ=τ              (5.17) 
where τ12,0.2% is the in-plane 0.2% proof stress in shear. Through Eqs. (5.10) and (5.11), 
this eventually results in: 
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It was further assumed that in the thickness direction: 
1RR 2313 ==               (5.19) 
Hill’s anisotropic yield criterion is available in ABAQUS through use of the 
*POTENTIAL keyword, which is listed under the *PLASTIC option.  
Based on the experimental data available in Chapter 3, the R-coefficients of the stainless 
steel alloys under consideration were calculated. They are listed in Table 5.1.  
 
Table 5.1. Anisotropy Coefficients 
Material R11 R22 R33 R12 R13 R23 
3Cr12 1.00 1.15 1.10 1.10 1.00 1.00 
304 1.00 1.05 1.02 1.02 1.00 1.00 
430 1.00 1.12 1.10 1.10 1.00 1.00 
 
5.2.2.4 Material Orientation 
 
ABAQUS aligns the principal axes of material anisotropy with the local 1, 2 and 3 axes 
of the plate element. It is therefore important to ensure that the local coordinate systems 
have the right orientation. If needed, the orientation of the local coordinate system can 
be altered using the *ORIENTATION command. By default ABAQUS relates the local 
coordinate system of a plate element to the global coordinate system by upholding the 
following convention (ABAQUS Manual 2005): 
“The local 1-direction is the projection of the global 1-axis onto the surface. If the 
global 1-axis is within 0.1o of being normal to the surface, the local 1-direction is the 
projection of the global 2-axis onto the surface. The local 2-direction is then at right 
angles to the local 1-direction, so that the local 1-direction, local 2-direction and the 
normal to the surface form a right-handed set (See Figure 5.3).” 
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Figure 5.3. Orientation of the Local Coordinate System 
 
When aligning the longitudinal axis of a lipped channel with the global 1-direction, the 
local coordinate systems on each surface have the default orientations displayed in 
Figure 5.4, which can be directly accepted. However, when creating a model through 
extrusion of a cross-section, by default the global 2-axis is the axis of extrusion and the 
model needs to be rotated over 90 degrees about the 3-axis to obtain the configuration 
displayed in Fig. 5.4. 
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Figure 5.4. Local Coordinate Systems 
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5.2.3  Specimen Boundary Conditions 
 
The laboratory specimens were tested between pinned ends. The distance between the 
centerline of the pin and the top plate of the hinge assembly measured 68 mm. The 
hinges were therefore modeled as solid blocks of 68 mm depth, which were allowed to 
rotate about the pin axis, as illustrated in Fig. 5.5. Contact between the specimen and the 
hinges was modeled by means of a node-to-surface contact pair, where the top surface 
of the hinges constituted the element-based master surface and the edge of the channel 
was defined as a node-based slave surface. The normal contact properties were defined 
as “hard”, meaning that no penetration of the slave nodes into the master surface was 
allowed. However the slave nodes on the specimen were allowed to separate from the 
hinge plate and no tensile stresses could develop in the interface. The two surfaces were 
specified to be precisely in contact with each other at the start of the analysis. The 
tangential properties were set to “rough”, indicating that infinite friction restrained any 
tangential slip between the specimen and the hinge plate. These settings can be 
manipulated through the Contact->Properties->Edit entry of the Interaction module in 
ABAQUS/CAE.  
The axial load was applied through incremental displacements in the axial direction of 
the rotational points of the hinge block on one side of the specimen. 
 
 
Figure 5.5. Specimen End Conditions 
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5.2.4  Imperfections 
 
Since the interaction buckling phenomenon is highly imperfection-sensitive, it is 
important to accurately incorporate the imperfections into the FE model. Imperfections 
were measured along five longitudinal lines, as indicated in Fig. 5.6, by means of laser-
interferometers, as previously described in Section 3.4. The raw data were decomposed 
into their respective Fourier series to filter out noise and to obtain a useful mathematical 
representation, which determines the magnitude of the imperfections along the five 
given lines for any cross-section with coordinate x along the longitudinal axis of the 
specimen. The Fourier series were truncated after 10 to 12 terms for the short specimens, 
and 20 to 35 terms for the longest specimens. Within a given cross-section the 
magnitude of the imperfection at the location of each node of the FE mesh was 
determined by interpolation. Quadratic interpolation was used for the web imperfections, 
while linear interpolation was used at the flanges, as illustrated in Fig. 5.6. An EXCEL 
spreadsheet was used to calculate the magnitude of the imperfection at each node of the 
FE model and to subsequently determine the new nodal coordinates. The results were 
saved as a comma-separated CSV-file and then cut-and-pasted into the ABAQUS input 
file (*.INP). The model was then reloaded into ABAQUS/CAE by using the File-
>Load->Model entry. A 3D representation of the (exaggerated) imperfections of each 
specimen can be found in Appendix C. 
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Figure 5.6. Specimen Imperfections 
 
 
Chapter 5   Numerical Studies 
 
 
 153
5.2.5 Type of Analysis 
 
A geometric and material non-linear analysis was performed. In order to accurately 
model the descending branch of the load-deflection curve, a STATIC-RIKS analysis was 
selected. Automatic incrementation was used with an initial step equal to 0.002 times 
the estimated arc length. The default settings of the matrix solver were accepted.  
 
5.2.6  Element Type and Mesh 
 
5.2.6.1  Element Type 
 
S4R, a 4-node shell element with reduced integration, was selected from the ABAQUS 
element library. This element uses three translational and three rotational degrees of 
freedom at each node. The element accounts for finite membrane strains and arbitrarily 
large rotations. Therefore, it is suitable for large-strain analyses and geometrically non-
linear problems. Elements with five degrees of freedom, such as S4R5, can be 
computationally more economical. However, they cannot be used in finite-strain 
applications.  
Seen the fact that the plate components constituting the cross-section are fairly slender 
for all specimens under consideration, transverse shear deformations were not deemed 
to have a major effect on the solution. Nevertheless, they are accounted for in the S4R 
element formulation. 
Reduced integration was carried out according to the Simpson rule, using five 
integration points through the shell thickness. Since S4R is a linear element, the 
hourglass control settings needed to be activated.  
 
5.2.6.2  Convergence Study 
 
In order to study the effect of the mesh parameters on the accuracy of the results, four 
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different mesh configurations were studied. A 400 mm long lipped channel in 3Cr12 
stainless steel, identical in dimensions to test specimen C3Cr12_400_1, formed the 
subject of the study. The non-linear material behaviour of the flats and the corners was 
included in the model. Seen the elaborate work involved in recalculating the initial 
imperfections for each mesh configuration, imperfections are not yet included in the 
model at this stage.  
Three different meshes employing square elements were conceived. The element sizes 
considered were 20 mm, 8 mm and 5 mm. This corresponds to a respective total number 
of elements of 320, 1700 and 4240. The solid elements constituting the end blocks are 
not included in these numbers.  
A fourth mesh configuration was considered employing rectangular elements with an 
approximate size of 5 mm by 8 mm. The model, exclusive of the end blocks, then 
consisted of a total of 2960 elements.  
Illustrations of all five meshes can be found in Appendix H. Table 5.2 lists the results of 
the FE runs.  
The CPU time needed to complete the run was chosen as a representative proportional 
indication of the total amount of time needed for completion. It should be noted 
however that the total time is an order of magnitude larger than the CPU time due to 
comparatively time-consuming input/output operations to disk. 
 
Table 5.2. Influence of the Mesh Size 
Mesh Element Size Number of Peak Load CPU Time 
 (mm) Elements (kN) (s) 
1 20 x 20 320 124.352 84.7 
2 8 x 8 1700 123.529 307.5 
3 5 x 8 2960 123.463 534.3 
4 5 x 5 4240 123.417 946.6 
 
The peak load as well as the CPU time are pictured against the number of elements in 
Fig. 5.7. 
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Figure 5.7. Effect of the Mesh Size on Peak Load and CPU Time 
 
A number of conclusions can be drawn from Fig. 5.7 and Table 5.2. 
As the mesh size decreases, results converge asymptotically. Mesh refinement beyond 
the 8 mm mesh (1700 elements) results in little gain in accuracy.   
The rectangular 5x8 mm elements (2960 elements) yield good results and the accuracy 
is not adversely affected by the choice of rectangular elements with an aspect ratio of 
approximately 1:1.5. 
Figure 5.8 displays the load-displacement behaviour obtained for the different meshes. 
There is no noticeable difference in the results of the 8x8 mm, 8x5 mm and 5x5 mm 
meshes until well into the post-peak range, at which point the practical significance of 
the difference becomes irrelevant.  
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Figure 5.8. Load-Displacement Behaviour 
 
The 8x8 mm mesh was selected for the numerical work. Compared to the 5x5 mm mesh, 
the difference in peak load is less than 0.1%, while it is substantially more 
computationally efficient. It also guarantees that the load-displacement curve is 
accurately modeled. Square elements were used as much as possible. Whenever 
rectangular elements needed to be used because of geometric constraints, the aspect 
ratio was kept below 1:1.5. 
 
5.2.6.3  Effect of Reduced Integration 
 
In order to investigate the effect of the reduced integration, an FE analysis was 
performed with fully integrated S4 elements replacing the S4R elements. Figure 5.9 
compares the load-displacement results for both element types. Within the numerical 
accuracy of the results, there is no difference in peak load or load-displacement 
behaviour between S4 and S4R. 
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Figure 5.9. Effect of Reduced Integration 
 
5.2.7  End Section Eccentricity 
 
Section 3.6.4 (Tables 3.15, 3.16 and 3.17) reports the eccentricities of the centroids of 
the end sections relative to the line of loading at the beginning of each test. These 
eccentricities were measured using the scribed lines on the hinge top plates, or in a 
number of cases, using strain gauges. With the adopted sign convention of Fig. 3.11, the 
(initial) load eccentricity at mid-length eo,mid, the (initial) load eccentricity at the 
specimen ends eo,end, and the imperfection at mid-length Δmid (obtained as the average of 
the Fourier representations of the readings along lines 2 and 4 at mid-length) relate to 
each other as: 
  eo,end = eo,mid + Δmid              (5.20) 
The reader is reminded that eccentricities are considered positive towards the web. 
When eo,mid is obtained from strain gauges, Eq. (5.20) can be used to obtain eo,end after 
calculating Δmid. 
The measured end eccentricities were incorporated into the FE models by offsetting the 
specimens relative to the end blocks over the appropriate distance. 
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5.2.8  Analysis Results 
 
The different aspects of FE modeling discussed in the preceding paragraphs were 
combined to construct an FE model which incorporates the non-linear stress-strain 
behaviour of the stainless steel alloys, the increased corner properties, material 
anisotropy, measured specimen dimensions, measured imperfections, measured load 
eccentricities and actual boundary conditions. 
 
5.2.8.1  3Cr12 Specimen Results 
 
Table 5.3 summarizes the load capacities obtained from the FE models of the 12 3Cr12 
specimens and compares them to the experimentally obtained values. Figure 5.10 
provides a graphical comparison between the FE results and the experiments. 
The deformational behaviour of each 3Cr12 specimen as predicted by the FE model is 
checked against the experimentally recorded behaviour in Appendix D. Four graphs are 
provided for each specimen, comparing the axial deformations, lateral deformations at 
mid-length, end rotations and local displacements of the transducer frame LVDTs. 
 
5.2.8.2  304 Specimen Results 
 
Table 5.4 and Fig. 5.11 compare the ultimate load predicted by the FE model of each 
304 specimen with the experimental value. Appendix D graphically compares the 
predicted 304 specimen deformations with the experimentally measured deformations.  
 
5.2.8.3  430 Specimen Results 
 
Table 5.5 and Fig. 5.12 compare the ultimate load predicted by the FE model of each 
430 specimen with the experimental value. Appendix D compares predicted and 
measured deformations of each 430 specimen.
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Figure 5.10. 3Cr12: Comparison between Test Results and FE Results 
 
0
20
40
60
80
100
0 500 1000 1500 2000
Le (mm)
P
u (
kN
)
 Concentric: Test Results
 Concentric: FE Results
 Eccentric: Test Results
 Eccentric: FE Results
 Elastic Local Buckling Load
304
 
Figure 5.11. 304: Comparison between Test Results and FE Results 
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Figure 5.12. 430: Comparison between Test Results and FE Results 
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3Cr12 Series: Concentric Tests                Table 5.3 
Specimen Material Length Eccentricity Imperfection Ultimate Load Pu Ratio 
  L Le eo,end eo,mid Δmid Test FE FE/Test 
  (mm) (mm) (mm) (mm) - (mm) (kN) (kN) - 
C3Cr12_400_1 3Cr12 400 536 0.000 -0.034 -Le/16000 0.034 123.01 123.95 1.008 
C3Cr12_620_1 3Cr12 622 758 -0.053 -0.162 -Le/4700 0.109 123.12 126.29 1.026 
C3Cr12_920_1 3Cr12 920 1056 0.184 0.201 Le/5300 -0.017 111.13 118.55 1.067 
C3Cr12_1220_1 3Cr12 1220 1356 0.446 0.470 Le/2900 -0.024 109.70 104.26 0.950 
C3Cr12_1520_1 3Cr12 1520 1656 0.000 0.147 Le/11000 -0.147 - 90.83 - 
C3Cr12_1819_1 3Cr12 1819 1955 0.000 -0.628 -Le/3100 0.628 - 64.87 - 
         Average 1.013 
         St. Dev. 0.048 
3Cr12 Series: Eccentric Tests  
Specimen Material Length Eccentricity Imperfection Ultimate Load Pu Ratio 
  L Le eo,end eo,mid Δmid Test FE FE/Test 
  (mm) (mm) (mm) (mm) - (mm) (kN) (kN) - 
C3Cr12_400_2 3Cr12 400 536 0.357 0.332 Le/1600 0.025 124.15 123.24 0.993 
C3Cr12_620_2 3Cr12 620 756 2.17 2.100 Le/360 0.069 113.09 110.43 0.976 
C3Cr12_920_2 3Cr12 920 1056 1.072 0.930 Le/1100 0.142 111.40 109.98 0.987 
C3Cr12_1220_2 3Cr12 1218 1354 0.818 0.890 Le/1500 -0.072 95.76 100.19 1.046 
C3Cr12_1520_2 3Cr12 1520 1656 1.104 0.681 Le/2400 0.423 85.03 84.41 0.993 
C3Cr12_1819_2 3Cr12 1819 1955 1.303 0.901 Le/2200 0.402 66.25 67.45 1.018 
         Average 1.002 
         St. Dev. 0.026 
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304 Series: Concentric Tests                 Table 5.4 
Specimen Material Length Eccentricity Imperfection Ultimate Load Pu Ratio 
  L Le eo,end eo,mid Δmid Test FE FE/Test 
  (mm) (mm) (mm) (mm) - (mm) (kN) (kN) - 
C304_400_1 304 400 536 0.000 -0.048 -Le/11000 0.048 80.90 85.13 1.052 
C304_636_1 304 636 772 -0.038 -0.107 -Le/7200 0.069 81.63 80.75 0.981 
C304_866_1 304 866 1002 -0.335 -0.385 -Le/2600 0.050 80.12 80.72 1.007 
C304_1103_1 304 1103 1239 0.204 0.081 Le/15000 0.123 76.78 76.67 0.999 
C304_1339_1 304 1339 1475 0.169 -0.001 -Le/2x106 0.170 - 74.72 - 
C304_1741_1 304 1741 1877 0.000 -0.226 -Le/8300 0.226 - 54.33 - 
         Average 1.012 
         St. Dev. 0.028 
304 Series: Eccentric Tests  
Specimen Material Length Eccentricity Imperfection Ultimate Load Pu Ratio 
  L Le eo,end eo,mid Δmid Test FE FE/Test 
  (mm) (mm) (mm) (mm) - (mm) (kN) (kN) - 
C304_400_2 304 400 536 0.357  0.331  Le/1600 0.026  81.12  84.09 1.037 
C304_636_2 304 635 771 1.235  1.180  Le/650 0.055  76.27  76.22 0.999 
C304_866_2 304 866 1002 0.735  0.733  Le/1400 0.002  72.88  73.75 1.012 
C304_1103_2 304 1103 1239 1.766  1.691  Le/730 0.075  66.57  66.99 1.006 
C304_1339_2 304 1338 1474 2.010  2.044  Le/720 -0.034  61.42  61.72 1.005 
C304_1741_2 304 1741 1877 1.251  1.360  Le/1400 -0.109  53.27  53.30 1.001 
         Average 1.010 
         St. Dev. 0.014 
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430 Series: Concentric Tests                 Table 5.5 
Specimen Material Length Eccentricity Imperfection Ultimate Load Pu Ratio 
  L Le eo,end eo,mid Δmid Test FE FE/Test 
  (mm) (mm) (mm) (mm) - (mm) (kN) (kN) - 
C430_399_1 430 399 535 0.000  0.001  Le/390000 -0.001  42.71 41.14 0.963 
C430_650_1 430 650 786 0.000  -0.031  -Le/26000 0.031  40.74  40.27 0.988 
C430_915_1 430 915 1051 0.236  0.226  Le/4700 0.010  40.22  36.27 0.902 
C430_1178_1 430 1178 1314 0.063  -0.010  -Le/126000 0.073  - 32.18 - 
C430_1430_1 430 1430 1566 0.000  -0.114  -Le/14000 0.114  - 25.00 - 
C430_1831_1 430 1831 1967 0.000  -0.073  -Le/27000 0.073  - 18.06 - 
         Average 0.951 
         St. Dev. 0.045 
430 Series: Eccentric Tests  
Specimen Material Length Eccentricity Imperfection Ultimate Load Pu Ratio 
  L Le eo,end eo,mid Δmid Test FE FE/Test 
  (mm) (mm) (mm) (mm) - (mm) (kN) (kN) - 
C430_399_2 430 399 535 0.357 0.355 Le/1500 0.002 40.07 40.46 1.010 
C430_650_2 430 649 785 0.524 0.507 Le/1500 0.017 37.53 37.14 0.990 
C430_915_2 430 913 1049 0.935 0.921 Le/1100 0.014 33.37 32.52 0.974 
C430_1178_2 430 1178 1314 0.592 0.485 Le/2700 0.107 31.88 29.51 0.926 
C430_1430_2 430 1429 1565 1.044 0.926 Le/1700 0.118 23.31 23.30 0.999 
C430_1831_2 430 1831 1967 1.311 1.326 Le/1500 -0.015 15.80 16.49 1.043 
         Average 0.990 
         St. Dev. 0.039 
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5.2.9  Discussion 
 
5.2.9.1  Load Capacities 
 
Tables 5.3 to 5.5 demonstrate that the FE model succeeded in accurately predicting the 
load carrying capacities. Based on all specimens, the average ratio of the predicted 
ultimate load to the experimental ultimate load is 0.999 with a standard deviation of 
0.035. Typically the predictions were slightly more accurate for the eccentrically loaded 
specimens compared to the concentrically loaded ones. This can be attributed to the fact 
that variations in initial small eccentricities have a more severe effect on the load 
carrying capacity than variations of larger eccentricities.  
It should be noted that static material properties were used in the FE model and that the 
predicted ultimate loads are thus compared to the static experimental values. 
The FE analysis confirms the earlier suspicion that the experimental results of the 
longer concentrically loaded specimens C3Cr12_1520_1, C3Cr12_1819_1, 
C304_1339_1, C304_1741_1, C430_1178_1, C430_1430_1 and C430_1831_1 were 
affected by initial bearing friction.    
 
5.2.9.2 Specimen Behaviour 
 
By way of an example, Figs. 5.13a to 5.13d compare the predicted deformations of 
specimen C3Cr12_920_2 with the experimentally recorded deformations. It should 
again be noted that the FE analysis was based on static material properties and that the 
predicted load vs. deformation curves should be compared to the static points of the 
experimental curves, obtained by halting the test repeatedly and allowing the load to 
settle down to a static value.  
Figure 5.13a reveals excellent agreement between the predicted and the experimental 
load vs. axial shortening curves until well into the post-ultimate range. Typically, the FE 
model displays a slightly higher stiffness compared to the actual specimen for very large 
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deformations past the ultimate load. This difference however is irrelevant from a 
practical perspective.       
Figure 5.13b compares the predicted lateral displacements of the FE model with the 
experimentally recorded values. The displacements of the nodes of the FE model at 
mid-length near the corners on either side of the web were compared to the readings of 
LVDTs D1 and D2 (Fig. 3.16). Good agreement between predicted and recorded 
displacements was observed. 
Figure 5.13c shows the end rotations of specimen C3Cr12_920_2, as predicted by the 
FE model, and compares them to the experimentally observed rotations. Good 
agreement between predicted and experimental behaviour was again obtained.    
Figure 5.13d compares the recorded displacements of the LVDTs W1, R1 and L1, 
mounted on the transducer frame at mid-length (Fig. 3.16), with the displacements of 
corresponding nodes in the FE model. The W1 reading is to be compared with the nodal 
2-displacement of the node at the centre of the web at mid-length, while the L1 and R1 
readings correspond with the 3-displacement of nodes on the flanges at mid-length, 
located approximately 5 mm in from the rounded part of the corner. It should be noted 
that the post-ultimate W1, R1 and L1 readings are highly sensitive to the location where 
the local buckling pattern eventually localizes. A small shift in this location results in 
vastly different readings. Nevertheless in many cases good agreement was observed 
between predicted and experimental displacements. 
Figs. 5.14a, 5.14b, 5.14c and 5.14d show some examples of specimens after failure, 
accompanied by their corresponding FE models. It is concluded that the buckled shape 
of the failed specimens is well represented by the FE models.  
By way of an example, Figure 5.15 shows the FE deformations of a typical specimen 
(C304_636_1) under progressive loading. The contours represent Von Mises surface 
stresses. 
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Figure 5.13a. C3Cr12_920_2: Axial Load vs. Axial Shortening 
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Figure 5.13b. C3Cr12_920_2: Axial Load vs. Lateral Displacement 
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Figure 5.13c. C3Cr12_920_2: Axial Load vs. End Rotations 
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Figure 5.13d. C3Cr12_920_2: Axial Load vs. Local Displacements 
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Figure 5.14a. C304_400_1: Post-Peak Buckled Shape  
 
Figure 5.14b. C304_636_2: Post-Peak Buckled Shape 
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Figure 5.14c. C3Cr12_400_2: Post-Peak Buckled Shape 
 
 
Figure 5.14d. C3Cr12_400_1: Post-Peak Buckled Shape 
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Figure 5.15. Deformations under Progressive Loading (Lipped Channel) 
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Table 5.6. FE Results for Le/1500 Eccentricity 
Specimen Material Le Pu  Specimen Material Le Pu 
  (mm) (kN)    (mm) (kN) 
C3Cr12_400_2 3Cr12 536 123.20  C304_400_2 304 536 84.01 
C3Cr12_620_2 3Cr12 756 120.36  C304_636_2 304 771 78.77 
C3Cr12_920_2 3Cr12 1056 112.24  C304_866_2 304 1002 74.03 
C3Cr12_1220_2 3Cr12 1354 100.18  C304_1103_2 304 1239 70.67 
C3Cr12_1520_2 3Cr12 1656 81.66  C304_1339_2 304 1474 66.34 
C3Cr12_1819_2 3Cr12 1955 65.92  C304_1741_2 304 1877 53.55 
Specimen Material Le Pu      
  (mm) (kN)      
C430_399_2 430 535 40.45      
C430_650_2 430 785 37.08      
C430_915_2 430 1049 33.29      
C430_1178_2 430 1314 28.32      
C430_1430_2 430 1565 23.08      
C430_1831_2 430 1967 16.50      
 
Table 5.6 displays FE generated results for the eccentric tests, where the eccentricity at 
mid-length was adjusted to be exactly Le/1500. These values form a first set of results 
which are further used to evaluate the current design standards. 
 
5.3  Parametric Studies of Lipped Channels 
 
5.3.1  Introduction 
 
The overall slenderness λo of a stainless steel column is commonly defined as: 
0
2
%2.0e
E
%2.0
o Er
L
π
σ⎟⎠
⎞⎜⎝
⎛=σ
σ=λ
                                                 (5.21) 
which results from the equivalent definition for carbon steel columns with the 0.2% 
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proof stress substituted for the yield stress fy. Note that the definition is based on the 
elastic Euler buckling stress σE, calculated with the initial modulus E0.  
In a similar way the cross-sectional slenderness λs is defined as: 
cr
%2.0
s σ
σ=λ
                                                                  (5.22) 
where σcr is the elastic local buckling stress. 
The test specimens described in Chapter 3 were designed to exhibit local buckling in the 
inelastic stress range to illustrate the non-linear stress-strain behaviour of stainless steel 
alloys. The sections were constructed with an inelastic local buckling stress above the 
proportionality limit σ0.01%. Consequently, within the range of λs values pertaining to 
sections of interest to this research (i.e. sections susceptible to local buckling), the test 
specimens exhibit relatively low cross-sectional slenderness values. λs varies around 1.1, 
more accurately: λs = 1.08 for the 3Cr12 section, λs = 1.12 for the 304 section and λs = 
1.11 for the 430 section. 
This section of the thesis describes how the FE model was used to generate additional 
data for 3Cr12, 304 and 430 stainless steel lipped channel sections with nominal cross-
sectional slenderness values λs of 1.6 and 2.4. The overall slenderness λo was varied 
between 0.25 and 2.0 in 0.25 increments. Thus the parametric studies comprehensively 
covered the practical range of both cross-sectional and overall slenderness values.  
 
5.3.2 Cross-section Design 
 
The elastic local buckling stress σcr is proportional to t2. However, since the aim of this 
research is to investigate the interaction between local and overall buckling, and since 
the cross-section is susceptible to local buckling, the cross-sectional slenderness cannot 
simply be increased by reducing the wall thickness t. To suppress the distortional 
buckling mode, the cross-section needs to be redesigned. Typically this will result in a 
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reduced flange width b and an increased lip size c with increasing λs. The software 
package ThinWall (Papangelis and Hancock 1995) was used to ensure that the (elastic) 
distortional buckling stress was sufficiently larger than the (elastic) local buckling stress. 
The output of the ABAQUS finite element software was checked after each analysis to 
ensure that the out-of-plane displacements of the flange-to-lip junction were negligible 
compared to the other displacements, indicating no influence of the distortional 
buckling mode. The dimensions of the cross-sections used in the parametric studies are 
listed for each alloy in Table 5.7, using the conventions illustrated in Figure 5.16. 
 
 
d
b
cr 
t
 
Figure 5.16. Specimen Dimensions (Lipped Channels) 
 
Table 5.7. Specimen Dimensions (Lipped Channels) 
Material λs d b c r t σcr ωd
 - mm mm mm mm mm MPa mm 
3Cr12 1.60 125.32 35.00 22.66 4.14 1.32 128.0 0.62 
3Cr12 2.38 125.32 24.00 22.66 4.14 0.87 57.7 0.63 
304 1.61 144.38 40.00 24.00 5.14 1.35 90.2 0.65 
304 2.37 144.38 27.00 27.00 5.14 0.90 41.5 0.64 
430 1.59 79.73 24.00 18.00 3.00 0.78 104.6 0.37 
430 2.38 79.73 16.00 16.00 3.00 0.51 46.8 0.36 
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5.3.3  Imperfections 
 
In the FE model specimens were given an overall imperfection, as well as a local 
imperfection.  
An overall imperfection in the shape of one half-sinewave was used with an amplitude 
of Le/1500. It was ensured that this imperfection caused the load to be eccentric towards 
the web, thus adding to the shift in effective centroid caused by local buckling and 
constituting a worst case scenario. 
A local imperfection in the shape of the local buckling eigenmode was also incorporated 
into the model. The amplitude ωd was calculated based on the work by Walker (1975): 
s
cr
%2.0
d t3.0t3.0 λ=σ
σ=ω
             (5.23) 
The Walker equation takes into account the 0.2% proof stress of the material and the 
elastic local buckling stress and was therefore preferred over the equations proposed by 
Schafer and Pekoz (1998b), where ωd is a linear function of the plate thickness only. 
Such a linear function yields unrealistic results for stockier sections, which are less 
susceptible to developing large initial imperfections. The Walker equation on the other 
hand predicts smaller imperfections for sections with a lower cross-sectional 
slenderness.  
The overall and local buckling modes were obtained from a (linear elastic) buckling 
analysis in ABAQUS. The coordinates of the (normalized) eigenmodes obtained from 
this analysis are by default stored in file with extension *.fil and can subsequently be 
used as input for the *IMPERFECTION command in the actual simulation. The 
*IMPERFECTION command allows for a linear combination of eigenmodes to be used 
as an initial imperfection, as long as the coordinates of these eigenmodes can be read 
from a single *.fil file. The *.fil file may be written in binary or ASCII format. 
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Figure 5.17. Initial Imperfection 
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In most cases no clear local or overall buckling mode could be found amongst the 
eigenmodes produced by the buckling analysis and the desired buckling shapes were 
coupled with other eigenmodes. In this case the following procedure was followed: 
In a first step, the shell thickness was increased sufficiently to enforce overall buckling 
as the primary eigenmode of the specimen. Indeed, the second moment of area, and by 
consequence, the Euler buckling load, are proportional to the thickness t, while the 
elastic local buckling stress is proportional to t2.  
A second buckling analysis was performed were the shell thickness was reduced 
sufficiently to ensure a purely local primary eigenmode without any influence of overall 
buckling modes. 
The *.fil result files of both analyses were then combined into one single file. To 
achieve this, the result files were first converted into ASCII format using the ASCFIL 
command from the ABAQUS prompt. The ASCFIL command produces a *.fin file, 
which is the ASCII translation of the original *.fil file. The *.fin files were renamed into 
*.fil files and combined into one file using the APPEND command. In summary, the 
following commands were typed at the ABAQUS prompt (using specimen 
C304_1.35_675 as an example): 
 
C:> abaqus ascfil job = C304_135_675_buckling_overall 
C:> abaqus ascfil job = C304_135_675_buckling_local 
C:> del C304_135_675_buckling_overall.fil 
C:> del C304_135_675_buckling_local.fil 
C:> ren C304_135_675_buckling_overall.fin C304_135_675_buckling_overall.fil 
C:> ren C304_135_675_buckling_local.fin C304_135_675_buckling_local.fil 
C:> abaqus append job = C304_135_675_imperfection 
First input file name: C304_135_675_buckling_overall 
Second input file name: C304_135_675_buckling_local 
 
In the above commands, C304_135_675_buckling_overall.fil and C304_135_675_ 
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buckling_overall.fil are the result files of an ABAQUS buckling analysis forcing the 
specimen to buckle in an overall and a local shape respectively. The resulting file 
C304_135_675_imperfection.fil contains the eigenmodes of both buckling analyses in 
ASCII format. A text editor such as WordPad or NotePad can then be used to renumber 
the eigenmodes in consecutive order, so that they can be properly referred to in the 
*IMPERFECTION command, which also specifies the scaling factors to be applied to 
each mode. 
Figure 5.17 illustrates the local buckling mode, the overall buckling mode and the 
(exaggerated) initial imperfection, which is a linear combination of both, for specimen 
C304_1.35_675. ABAQUS normalizes the eigenmodes such that the largest 
displacement is equal to the unit. 
 
5.3.4  Material Properties 
 
Three different alloys were considered: austenitic 304, ferritic 430 and ferritic-like 
3Cr12. The material properties which were experimentally determined in Chapter 3 
(Section 3.2) and which were previously used to calibrate the FE model, were utilized 
as input for further parametric studies. Anisotropic yielding was catered for by means of 
Hill’s criterion, using the coefficients listed in Table 5.1. The corner regions were given 
the increased material properties determined from the experiment (Section 3.2.3). It 
should be noted that, as the cross-sectional slenderness of the specimens listed in Table 
5.7 increases and the wall thickness decreases, the ri/t ratio of the corners increases. For 
the original test specimens, on which the corner properties were measured, the ri/t ratios 
lie in the range of 1.6-2.1, while for the specimens with the highest cross-sectional 
slenderness (λs = 2.4) the ri/t ratios range from 4.2 to 5.4. However, a number of 
equations have been proposed by van den Berg and van der Merwe (1992), Ashraf et al. 
(2005) and AS/NZS 4673 (2001) to predict the influence of the ri/t ratio on the 0.2% 
proof stress of the corner material σ0.2%,c. For the above case, all equations predict a 
change of approximately 10% in σ0.2%,c of the 430 and 3Cr12 alloys as a result of the 
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change in ri/t. Therefore the change in σ0.2%,c with varying ri/t was ignored. The 
predicted change in σ0.2%,c of the 304 material is roughly 20%, which is still deemed 
acceptable since the area of the corner regions is fairly small. 
 
5.3.5  FE Analysis Results 
 
A total of 48 parametric studies were carried out for lipped channels, encompassing any 
combination of the two cross-sectional slenderness values (λs = 1.6 and 2.4), the eight 
overall slenderness values (λs = 0.25. 0.50, 0.75, 1.00, 1.25, 1.50, 1.75 and 2.00) and the 
three stainless steel alloys mentioned in Section 5.3.4.  
The element size of approximately 8 mm obtained from the calibration process was 
maintained. All columns were modeled with pinned end conditions. 
The ultimate capacities obtained from the FE analyses are summarized in Table I.1 of 
Appendix I. They are listed under the heading “Test”. The FE results are identified by a 
unique label, starting with “C” to indicate a channel, followed by the alloy, the wall 
thickness (in mm) and the effective length (in mm). For instance, C304_1.35_675 is a 
675mm long lipped channel in 304 stainless steel with a plate thickness of 1.35 mm. 
Table I.1 lists the 48 parametric studies of lipped channels, together with 18 results 
obtained from Table 5.6, renamed to fit the aforementioned convention. The 66 data 
points thus obtained compose a basis for evaluating the current design guidelines and 
developing improved design rules for this particular type of section. 
The results are also presented graphically in Figures I.1 to I.9 of Appendix I. The 
strength curves plot the load capacity Pu versus the effective length Le for a specific 
value of λs, or in non-dimensional form, Pu/P0.2% versus the overall slenderness λo. It is 
noted that: 
P0.2% = Ag. σ0.2%              (5.24) 
where Ag is the gross cross-sectional area.  
The elastic local buckling load Pcr is also indicated in the graphs. 
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5.4  Parametric Studies of Plain Channels 
 
5.4.1  Introduction 
 
No data are available in literature relating to the column behaviour of singly symmetric 
stainless steel plain channels. The FE model was used to generate 72 data points for this 
particular case, comprising three alloys (3Cr12, 304 and 430), three cross-sectional 
slenderness values (λs ≈ 1.1, 1.6 and 2.4) and eight overall slenderness values (λs = 0.25. 
0.50, 0.75, 1.00, 1.25, 1.50, 1.75 and 2.00). 
 
5.4.2  Cross-Section Geometry 
 
The ThinWall software package (1995) was used to design cross-sections with the 
desired nominal λs values of 1.1, 1.6 and 2.4. Table 5.8 summarizes the cross-sectional 
dimensions, using the conventions of Figure 5.18. Figure 5.19 shows the output of 
ThinWall for a 3Cr12 cross-section with thickness 1.20 mm, by way of an example. The 
minimum in the curve corresponds to the local buckling stress, while the asymptotic 
part of the curve represents Euler buckling. The initial modulus E0 was used in the 
analysis. Since distortional buckling is not an issue, the cross-sectional slenderness 
could be increased by simply decreasing the section thickness. The comments made in 
Section 5.3.5 regarding the ri/t ratios apply. 
 
 
 
 
 
 
 
 
Chapter 5           Numerical Studies 
 
 
 180
 
 
d
b
r 
t
 
Figure 5.18 Specimen Dimensions (Plain Channels) 
 
 
Table 5.8. Specimen Dimensions (Plain Channels) 
Material λs d b r t σcr ωd 
 - mm mm mm mm MPa mm 
3Cr12 1.18 100.00 40.00 4.00 1.80 236.6 0.65 
3Cr12 1.76 99.40 39.70 4.00 1.20 105.9 0.65 
3Cr12 2.47 99.05 39.53 4.00 0.85 53.7 0.65 
304 1.08 100.00 40.00 4.00 1.80 200.2 0.65 
304 1.62 99.40 39.70 4.00 1.20 89.7 0.65 
304 2.27 99.05 39.53 4.00 0.85 45.5 0.65 
430 1.10 100.00 40.00 4.00 1.80 219.5 0.65 
430 1.64 99.40 39.70 4.00 1.20 98.3 0.65 
430 2.31 99.05 39.53 4.00 0.85 49.8 0.65 
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Figure 5.19. ThinWall Analysis Output 
 
5.4.3  Imperfections 
 
An overall imperfection in the shape of a half sine-wave with amplitude Le/1500 was 
included in the analysis. Since local buckling causes the effective centroid to shift 
towards the web in this type of section, it was ensured that the overall imperfection 
resulted in a load eccentricity away from the web, thus simulating a worst case scenario.  
The overall imperfection was combined with an imperfection in the shape of the local 
buckling eigenmode. The amplitude was calculated using the Walker equation (Eq. 
5.23). Figure 5.20 shows an exaggerated picture of the initial imperfection of a 1000 
mm long 3Cr12 channel with a thickness of 1.8 mm.  
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Figure 5.20. Initial Imperfection (PC3Cr12_180_1000) 
 
5.4.4  Material Properties 
 
The material properties of the 3Cr12, 304 and 430 alloys obtained in the experimental 
program described in Chapter 3 (Section 3.2) were used as input in the FE model. 
Anisotropic yielding was taken into account using Hill’s criterion. The corner regions 
were given increased material properties in accordance with the experimental 
measurements (Section 3.2.3). 
 
5.4.5  FE Analysis Results 
 
A total of 72 parametric studies were performed, including any combination of the three 
alloys, the three λs values and the eight λo values. All tests were modeled with pinned 
end conditions. 
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Figure 5.21. Deformations under Progressive Loading (Plain Channel) 
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Figure 5.22. Load vs. Axial Shortening (PC3Cr12_1.80_1000) 
 
The ultimate load Pu of each specimen is listed in Table I.2 of Appendix I under the 
heading “Test”. Each specimen is identified by a unique label, starting with “PC” to 
indicate a plain channel, followed by the alloy, the wall thickness (in mm) and the 
effective length (in mm). For instance, PC430_1.20_500 is a plain channel with an 
effective length of 500 mm, manufactured from 430 stainless steel plate with a thickness 
of 1.20 mm. 
The results are also presented graphically in Figures I.10 to I.18 of Appendix I, which 
plot the load capacity Pu versus the effective length Le for a specific value of λs, or in 
non-dimensional form: Pu/P0.2% versus the overall slenderness λo. 
As an example, Figure 5.21 shows the deformations of specimen PC3Cr12_1.80_1000 
obtained from ABAQUS at various steps of loading. The contours represent Von Mises 
surface stresses. Figure 5.22 shows the load vs. axial shortening output of the same 
specimen. 
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5.5  Parametric Studies of Tubular Sections 
 
5.5.1  Introduction 
 
A reasonable amount of test results on stainless steel SHS and RHS columns are 
available in literature. Experimental work has been carried out by Rasmussen and 
Hancock (1993), Talja and Salmi (1995), Liu and Young (2002), Gardner and Nethercot 
(2004d), Young and Liu (2003), Young and Lui (2006), and Gardner et al. (2006). A 
total of 112 data points are available. However, a large amount of the collected data 
relates to overall buckling without the influence of local buckling. Only those tests were 
retained where the cross-sectional slenderness λs reached above 0.673. According to the 
Winter equation only sections with λs > 0.673 are susceptible to local buckling. The 60 
selected data points are listed in Table I.3a of Appendix I and presented graphically in 
Figures I.19 to I.24 (SHS) and I.28 to I.32 (RHS).  
The cross-sectional slenderness values λs of the experimental results in Table I.3a range 
from 0.69 to 1.27. No experimental data are available for hollow sections with a λs 
value above 1.27. Additional data was therefore generated for SHS with high cross-
sectional slenderness using the FE model, in particular for λs = 1.1, λs = 1.7, and λs = 
2.3. Realistic material properties which reflect the high degree of cold-working 
undergone by SHS and RHS sections during their manufacturing process were needed 
as input in the FE analysis. They were obtained from an experimental program carried 
out by Rasmussen and Hancock (1993) on austenitic SHS columns. This particular 
program was selected because the material properties of both the side surfaces and the 
corners regions were well reported. Making use of these material properties, the FE 
model was first verified against the eight tests described in (Rasmussen and Hancock, 
1993). Subsequently, parametric studies were performed where the section thickness 
was gradually reduced to match the desired λs values.  
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5.5.2  Verification 
 
5.5.2.1  Test Program 
 
The experimental program described in (Rasmussen and Hancock 1993) includes two 
stub column tests and six long column tests on 80x80x3.0 SHS. The long columns were 
tested between spherical rotational bases, ensuring pinned end conditions, and were all 
observed to fail by overall buckling without any local buckling. Three nominal 
specimen lengths were considered: 1000 mm, 2000 mm and 3000 mm. For each length, 
one specimen was tested under a concentric axial force, applied at the geometric 
centroid of the section, while its twin specimen was tested with a nominal eccentricity 
of Le/1000 at mid-length. The effective length Le, measured between the centre points of 
the bearings, equaled the specimen length plus an additional 450 mm. The exact 
eccentricities at mid-length about both principal axes, vo,x and vo,y, were calculated from 
the measured values of overall imperfections and end eccentricities and are listed in 
Table 5.9, together with the measured dimensions and the ultimate load Pu of each 
specimen. 
All eight specimens were cold-formed from annealed austenitic type 304L stainless steel 
virgin coil. Compression coupons were cut from the face adjacent to the seam weld, 
from the face opposite to the weld, and from the corner area, as illustrated in Figure 
5.23. The resulting compressive stress-strain curves are plotted in Figure 5.24, while the 
material properties are summarized in Table 5.10. The corner regions again 
demonstrated an elevated 0.2% proof stress, as a result of the more pronounced cold-
working they underwent during the cold-rolling process.   
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Figure 5.23. Location of the Compression Coupons 
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Figure 5.24. Compressive Stress-Strain Curves 
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Table 5.9. Summary: FE modeling of (Rasmussen and Hancock 1993) 
Specimen Alloy L Le b t r vo,x vo,y Pu (Test) Pu (FE) FE/Test 
 - mm mm mm mm mm - - kN kN - 
S1SC1 304L 300 150 80.4 3.00 4.0 - - 485 482.4 0.995 
S1SC2 304L 298 149 79.7 3.00 4.0 - - 471 482.4 1.024 
S1L1000C 304L 1001 1451 80.5 2.90 4.5 L/2070 0 390 329.3 0.844 
S1L1000E 304L 1001 1451 80.3 2.98 3.5 L/1610 L/2900 344 334.7 0.973 
S1L2000C 304L 2000 2450 80.4 2.99 4.5 L/4080 L/4080 193 198.0 1.026 
S1L2000E 304L 2000 2450 80.6 2.93 4.5 L/600 L/2720 158 171.3 1.084 
S1L3000C 304L 3002 3452 80.7 2.95 4.0 L/1640 L/2300 96 108.6 1.131 
S1L3000E 304L 3001 3451 80.2 2.98 4.0 L/650 L/6900 98 102.7 1.048 
Average    80.4 2.97 4.1     1.016 
St. Dev.    0.3 0.04 0.4     0.085 
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Table 5.10. Compressive Material Properties (Rasmussen and Hancock 1993) 
Coupon E0 σ0.2% n 
 GPa MPa - 
Face 1 195 420 3.1 
Face 2 197 410 3.5 
Corner 210 645 5.7 
 
5.5.2.2  FE Model 
 
The experimentally measured stress-strain curves were input in the FE model in the 
form of true stress vs. true strain curves, as required by ABAQUS. The corner properties 
were assigned to an 8 mm strip around the corners, equal to the width of the test 
coupons, as shown in Fig. 5.23. Anisotropy was neglected since no tests were carried 
out to determine the variation of the material properties in different directions relative to 
the rolling direction. Material testing on the 304 alloy in Chapters 3 (Section 3.2) and 4 
(Section 4.2) previously indicated a fairly low amount of anisotropy to be present in this 
alloy, especially when compared to the ferritic alloys. Typically the 0.2% proof stress in 
the transverse direction was shown to be only 3-5% higher than the 0.2% proof stress in 
the rolling direction. Thus it was deemed acceptable to neglect anisotropy.    
The measured specimen dimensions were used in the FE model. The end sections were 
allowed to rotate about both principal axes of the cross-section to simulate the actual 
boundary conditions imposed by the rotating seats. 
Residual stresses are generally introduced into cold-formed tubes as a result of the 
deformations undergone during the cold-forming fabrication process, and due to the 
thermal gradients which are induced during the welding of the seam. When cutting 
coupons from the stainless steel tubes, it was observed that they curved longitudinally 
as a result of the through-thickness bending residual stresses. However, during the 
tension tests the coupons are straightened out again by the testing machine, which 
approximately reintroduces the bending residual stresses. Therefore, if the material 
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properties are established from tension coupons cut from the cross-section, the effects of 
bending residual stresses are inherently taken into account. The same rationale holds 
true for the compressive coupons, which are straightened out again when tightening the 
compressive test jig. 
Research has been conducted on the magnitude of the membrane residual stresses 
induced by welding into stainless steel tubes (Bredenkamp et al. 1992, Lagerqvist and 
Olsson 2001). For modeling purposes an idealized distribution, based on the work by 
Masubuchi (1980) and shown in Figure 5.25, can be used. It is recommended that c be 
taken as b/5, where b is the plate width. The maximum tensile residual stress can be 
assumed equal to the 0.2% proof stress. Consequently the compressive residual stress σc 
can be calculated from equilibrium.          
 
b
c
σ0.2%
(tension)
σc
(compression)
Weld
 
Figure 5.25. Membrane Residual Stresses 
 
The residual stress distribution shown in Figure 5.25 should be applied to the welded 
face of the cross-section. Measurements of the membrane residual stresses on the face 
opposite to the welded seam, as part of (Rasmussen and Hancock 1993) confirm that the 
membrane residual stresses on this face are indeed negligible.  
The proposed stress distribution shown in Fig. 5.25 was incorporated into the ABAQUS 
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model of specimen S1L3000C. The *INITIAL CONDITIONS command was thereby 
used to model the residual stresses. The difference in ultimate load Pu, when compared 
to the same model without residual stresses, was 0.4% and deemed negligible. This 
conclusion concurs with a more extensive study into the sensitivity of square and 
rectangular hollow sections to residual stresses by Gardner and Nethercot (2004a), who 
ran ABAQUS simulations for stub columns and long columns, with and without the 
effect of residual stresses. It was concluded that, while residual stresses typically cause 
a minor reduction in stiffness prior to ultimate load, the ultimate load carrying capacity 
itself is unaffected.  
Since the main focus of this section of the research is to predict the load carrying 
capacity Pu for specimens with different slenderness values λs and λo, residual stresses 
were not incorporated in the parametric studies of hollow sections, or in the modeling of 
the experimental program by Rasmussen and Hancock (1993). 
The magnitude of local imperfections was not investigated as part of the experimental 
program. Since all six long columns fail by overall buckling, the magnitude of the local 
imperfections is not deemed a critical parameter. An imperfection in the shape of the 
local buckling eigenmode with amplitude 0.2 mm was added to the model. This 
amplitude yielded good predictions of the stub column capacity, and was further used in 
the modeling of the long columns. The overall imperfections were modeled as a half 
sine-wave about each principal axis and were given the amplitudes vo,x and vo,y listed in 
Table 5.9.  
 
5.5.2.3  FE Results 
 
The FE model was successful in predicting the observed failure modes of overall 
buckling in the long columns and local buckling in the stub columns. Figure 5.26 shows 
the failed shape of specimen S1L3000C.  
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Figure 5.26. Buckled Shape of Specimen S1L3000C 
  
Table 5.9 indicates that the ultimate load capacities Pu were generally well predicted. 
The average ratio of the predicted load capacity to the experimentally measured load 
capacity was 1.016 with a standard deviation of 0.085. The standard deviation was 
slightly higher than the value of 0.035, obtained in Section 5.2 when modeling the 
experimental program of the lipped channels. It is believed that this higher standard 
deviation can mainly be attributed to a higher variability in material properties. Square 
hollow sections undergo significant strain-hardening as a result of cold-working during 
the manufacturing process, resulting in varying material properties throughout the 
section as well as a greater variability of properties between specimens. By comparison, 
an extensive FE modeling program of stainless steel SHS and RHS pin-ended columns 
by Gardner and Nethercot (2004a), using similar modeling techniques, obtained an 
average ratio of the predicted capacity to the test result of 1.03 and 0.97 for the SHS and 
RHS sections respectively, with respective standard deviations of 0.16 and 0.10.  
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5.5.3  Parametric Studies 
 
The experimental program by Rasmussen and Hancock (1993) formed the starting point 
for parametric studies. Retaining the cross-sectional shape and the material properties of 
the side surfaces and the corners, the wall thickness was reduced to obtain the desired λs 
values. The ThinWall software (1995) was used to calculate the elastic local buckling 
stresses. Table 5.11 summarizes the results.  
 
Table 5.11. Specimen Dimensions (SHS) 
Material λs b r t σcr ωd 
 - mm mm mm MPa mm 
304L 1.10 78.7 4.25 1.70 345 0.55 
304L 1.67 78.1 4.25 1.10 148 0.55 
304L 2.26 77.8 4.25 0.80 81 0.55 
 
The specimens were modeled with pinned ends, allowing overall buckling to occur 
about one principal axis. Eight overall slenderness values were considered, ranging 
from 0.25 to 2.0 in 0.25 increments. An overall eccentricity of Le/1500, in the shape of 
the first overall buckling mode, was incorporated into the model. In addition, a local 
imperfection in the shape of the local buckling eigenmode with an amplitude ωd 
calculated from Eq. (5.23), was also included. Figure 5.27 illustrates the initial 
imperfections. Only half of the tube was modeled with symmetry boundary conditions 
applied along the centerline. 
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          Overall Buckling Mode 
 
 
 
 
 
 
 
 
Initial Imperfections 
 
Figure 5.27. Initial Imperfections (SHS) 
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Figure 5.28. Deformations under Progressive Loading (SHS) 
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Figure 5.29. Load vs. Axial Shortening (SHS304L_0.80_1000) 
 
The results of the FE studies on SHS columns are summarized in Table I.3b of 
Appendix I, with the ultimate load Pu listed under the heading “Test”. Consistent with 
previous labeling conventions, the specimens are identified by their cross-section, alloy, 
thickness and effective length. For instance, SHS304L_0.80_1000 is a 1000 mm long 
SHS specimen of 304L stainless steel with a wall thickness of 0.80 mm. The results are 
also presented graphically in Figures I.25 to I.27 of Appendix I, which indicate the load 
capacity as a function of the effective length or the overall slenderness.  
By way of an example, Figure 5.28 shows the deformed state of specimen 
SHS304L_0.80_1000 at various stages of loading. The contours represent von Mises 
surface stresses. Figure 5.29 shows the axial shortening vs. load diagram of the same 
specimen. 
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5.6  Parametric Studies of Back-to-Back Channels 
 
5.6.1  FE Model 
 
5.6.1.1  Contact 
 
When modeling back-to-back channels, the additional problem of physical contact 
between the webs needs to be addressed. If not, the channels are able to deform into 
each other, since ABAQUS does not recognize contact between surfaces unless it is 
explicitly accounted for in the model. Surface-to-surface type contact was defined 
between the outside surfaces of the webs. Despite the fact that the mid-surfaces of the 
plate components are modeled, ABAQUS takes into account the plate thickness, such 
that contact occurs between the outer surfaces. The interface of the surfaces was 
modeled as frictionless.  
The physical connections between the two channels, such as bolts or screws, were not 
explicitly modeled. Figure 5.30 provides a plot of the gap distance along the edge of the 
channels and along the centerline of the webs, for a 500 mm long, a 1000 mm long and 
a 2000 mm long specimen in the post-ultimate range. From observation of the gap 
distances over the whole load history, it was concluded that the two channels always 
remain in contact with each other at discrete points and never separate. The contact 
points are located along the edges of the channels for the shorter specimens, as 
illustrated in Figure 5.31, while they can occur along the centerline of the web for the 
longer specimens. In all cases the gap distance along the edges remains small. Figure 
5.32 provides a contour plot of the gap distance for a 1500 mm long specimen. The dark 
blue areas represent the locations where the gap is virtually closed, while the red areas 
experience the largest gap. Without explicitly modeling the connectors, the output of the 
model thus provides an acceptable solution for channels which are connected back-to-
back by means of discrete connectors such as screws, spot welds or bolts. These 
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connectors ensure that the channels remain in contact with each other at certain points 
along the length, while being allowed to separate in between. In case bolts are used, a 
finite sliding of the web surfaces relative to each other at the bolt location is also 
possible, while the formation of a sub millimeter gap at the connector is not 
unimaginable. By not explicitly modeling the connectors, no interaction takes place 
between the local buckling pattern and the connector spacing, which does not 
unnecessarily complicate the problem. It could be argued that if connectors put any 
additional restraints on the local buckling shape, this could marginally increase the load 
bearing capacity, proving that the proposed solution errs on the safe side. It should be 
noted moreover that the restrictions imposed by the design standards on the connector 
spacing in compression members are rather lenient. For the I-sections under 
consideration in the next paragraph, AS/NZS 4673 (2001) requires connectors at the 
third points of the member length only, independent of the member length. 
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Figure 5.30. Gap Distance along Specimen Length 
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Figure 5.31. Cross-sectional Cut 
 
 
Figure 5.32. Contour Plot of the Gap Distance 
 
 
 
 
Chapter 5           Numerical Studies 
 
 
 200
5.6.2.2  Convergence and Stabilization 
 
The inclusion of surface-to-surface contact into the model adds a discrete aspect to the 
problem, in a sense that the gap between the surfaces at a certain location can either be 
open or closed. This necessitates contact iterations within each load increment, where 
initial assumptions are made about each gap being open or closed, with these 
assumptions being adjusted in the next iteration. Not only does this significantly 
prolong the running time of the program, but many problems involving contact 
experience convergence problems and terminate prematurely. For the problem under 
consideration, ABAQUS was unable to reach a convergent solution in the initial step of 
the analysis, even though the problem was well-defined and the surfaces were in contact 
with each other at the beginning of the analysis. After more conventional efforts, such as 
reducing the initial step size, refining the mesh on either master or slave surface, 
choosing a coarser mesh, changing the matrix solving method or modifying the contact 
parameters, were exhausted, the problem was overcome by adding artificial damping to 
the problem. In this method viscous damping forces of the form: 
Fv  =  μM*v               (5.25) 
are added to the global equilibrium equations of the system. M* is an artificial mass 
matrix calculated with unit density, μ is the damping factor, v = Δu/Δt is the vector of 
the nodal velocities and Δt is the time increment (which does not have a physical 
meaning in the context of this problem). The ABAQUS user can control the amount of 
damping added to the problem by specifying the damping factor μ. The default value of 
μ is 2x10-4. Adding a large amount of damping to the problem may significantly alter 
the solution. Ideally, sufficient damping should be added to stabilize the calculations, 
yet not enough to adversely affect the accuracy of the solution. Trial-and-error runs 
indicated that, in the problem under consideration, stabilization was mainly required in 
the initial step to get the analysis underway. A damping factor μ1 was therefore applied 
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over a first step, where both μ1 and the step size were kept as small as possible by trial-
and-error runs. In many cases, damping was terminated after this first step. Other cases 
required a more extensive second step with a reduced damping factor μ2, followed by a 
third analysis step without damping. The effect of damping on the solution can be 
checked by comparing the following ABAQUS output variables at the end of the 
analysis: ALLSD (= the total amount of energy dissipated through artificial damping), 
ALLSE (= the total amount of elastic strain energy), ALLPD (= the amount of energy 
dissipated through plasticity) and ALLIE (= the total internal energy of the system = 
ALLSE + ALLPD). If the total amount of energy dissipated through artificial damping 
is negligible compared to the other energy variables, the effect of the stabilization 
through damping on the solution can be ignored. Table I.5 of Appendix I lists ALLSD, 
ALLSE, ALLPD and ALLIE for each of the analyses discussed in Section 5.6.2 
(verification) and Section 5.6.3 (parametric studies). The table also lists the damping 
factor μ and the step size for each step involving damping. In the final column the ratio 
of ALLSD over ALLSE is calculated, as recommended by the ABAQUS manual (2005). 
It is seen that in all cases ALLSD is several orders of magnitude smaller than ALLSE. 
The average ratio of ALLSD/ALLSE is 0.1%. The ratio is less than 0.5% in all 
parametric studies. It is therefore concluded that the results are virtually unaffected by 
adding damping in the initial step(s).  
 
5.6.2  Verification 
 
5.6.2.1  Introduction 
 
The FE model, inclusive of the additions discussed in Section 5.6.1, was verified against 
the experimental data presented in Chapter 4. The test program includes a total of 24 
columns, constructed by connecting channels in a back-to-back configuration with sheet 
metal screws. Twelve 304 austenitic columns were tested, as well as twelve 404 ferritic 
columns. All columns were tested with a nominal load eccentricity of Le/1500 and failed 
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by local-overall interaction buckling. 
 
5.6.2.2  Material Properties 
 
The measured compressive stress-strain curves obtained in Section 4.2.2 were 
incorporated into the model as true stress vs. true strain relationships. Static properties 
in the rolling direction (which is the longitudinal axis of the specimens) were used. 
Anisotropy was accounted for by means of Hill’s criterion with the coefficients listed in 
Table 5.12, derived from the experimental work described in Section 4.2.2. 
 
Table 5.12. Anisotropy Coefficients 
Material R11 R22 R33 R12 R13 R23 
304 1.00 1.03 1.01 1.01 1.00 1.00 
404 1.00 1.12 1.10 1.10 1.00 1.00 
 
Increased corner properties, obtained from the tension tests on the corner coupons 
(Section 4.2.3), were assigned to the rounded parts of the corners. 
 
5.6.2.3  Imperfections 
 
The tests were conducted with a nominal end eccentricity of Le/1500. This value needs 
to be corrected with the overall specimen imperfection vo, obtained from the 
imperfection measurements, to find the eccentricity at mid-height. Tables 5.13 and 5.14 
indicate that vo is generally small and within the margin of error associated with 
positioning the specimens in the set-up with a certain end eccentricity. Therefore, one 
FE model was assembled for each set of twin specimens of a certain length, with the 
load applied at an eccentricity of Le/1500 at both ends and without explicitly modeling 
the overall imperfection vo. 
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Table 5.13. I-Sections: 304 Series 
Specimen Material Length Eccentricity Imperfection Ultimate Load Pu Ratio 
  L Le eo,end eo,mid vo ωd Test FE FE/Test 
  (mm) (mm) (mm) (mm) - (mm) (mm) (kN) (kN) - 
I304_500_2 304 501 637 0.42 0.33 Le/1912 0.092 0.42 55.24 58.87 1.066 
I304_1000_1 304 999 1135 0.76 0.75 Le/1516 0.008 0.42 47.25 45.30 0.959 
I304_1000_2 304 999 1135 0.76 0.76 Le/1492 -0.004 0.42 47.43 45.30 0.955 
I304_1500_1 304 1499 1635 1.09 1.15 Le/1420 -0.061 0.42 38.67 34.46 0.891 
I304_1500_2 304 1498 1634 1.09 1.09 Le/1503 0.002 0.42 37.63 34.46 0.916 
I304_2000_1 304 2000 2116 1.41 1.38 Le/1532 0.030 0.42 31.37 32.59 1.039 
I304_2000_2 304 2000 2116 1.41 1.12 Le/1883 0.287 0.42 31.07 32.59 1.049 
I304_2500_1 304 2497 2613 1.74 1.14 Le/2291 0.602 0.42 22.71 23.87 1.051 
I304_2500_2 304 2497 2613 1.74 0.69 Le/3798 1.054 0.42 22.94 23.87 1.040 
I304_3000_1 304 2999 3115 2.08 1.91 Le/1634 0.171 0.42 20.62 19.14 0.928 
I304_3000_2 304 3000 3116 2.08 2.05 Le/1519 0.026 0.42 18.30 19.14 1.046 
          Average 0.995 
          St. Dev. 0.065 
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Table 5.14. I-Sections: 404 Series 
Specimen Material Length Eccentricity Imperfection Ultimate Load Pu Ratio 
  L Le eo,end eo,mid vo ωd Test FE FE/Test 
  (mm) (mm) (mm) (mm) - (mm) (mm) (kN) (kN) - 
I404_500_1 404 499 635 0.42 0.38 Le/1663 0.041 0.45 69.83 68.45 0.980 
I404_500_2 404 499 635 0.42 0.41 Le/1531 0.009 0.45 71.79 68.45 0.953 
I404_1000_1 404 999 1135 0.76 0.73 Le/1562 0.030 0.45 56.53 55.10 0.975 
I404_1000_2 404 999 1135 0.76 0.79 Le/1433 -0.035 0.45 56.22 55.10 0.980 
I404_1500_1 404 1500 1636 1.09 1.27 Le/1285 -0.182 0.45 40.96 42.23 1.031 
I404_1500_2 404 1499 1635 1.09 1.26 Le/1298 -0.170 0.45 42.00 42.23 1.005 
I404_2000_1 404 1999 2115 1.41 1.56 Le/1355 -0.151 0.45 37.91 32.59 0.860 
I404_2000_2 404 1999 2115 1.41 1.40 Le/1514 0.013 0.45 37.48 32.59 0.869 
I404_2500_1 404 2497 2613 1.74 1.59 Le/1645 0.154 0.45 29.90 26.67 0.892 
I404_2500_2 404 2499 2615 1.74 1.80 Le/1455 -0.054 0.45 27.24 26.67 0.979 
I404_3000_1 404 3001 3117 2.08 1.85 Le/1681 0.224 0.45 21.20 20.85 0.984 
I404_3000_2 404 2999 3115 2.08 1.18 Le/2637 0.895 0.45 24.42 20.85 0.854 
          Average 0.947 
          St. Dev. 0.059 
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Figure 5.33. FE Modeling of 304 I-Sections 
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Figure 5.34. FE Modeling of 404 I-Sections 
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A local imperfection in the shape of the local buckling eigenmode was also included in 
the model. A realistic value of the local buckling amplitude was previously deducted 
from the measured imperfection data in Section 4.4. The calculations resulted in: ωd = 
0.42 mm for the 304 specimens and ωd = 0.45 mm for the 404 specimens. 
 
5.6.2.4  Results 
 
Tables 5.13 and 5.14 compare the ultimate loads Pu generated by the FE model to those 
obtained from the experiment, for the 304 and the 404 alloy specimens respectively. 
Good agreement was obtained: the average ratio of the FE predicted load capacity to the 
experimentally measured load capacity was 0.97 with a standard deviation of 0.06. The 
results are presented graphically in Figures 5.33 and 5.34. It is seen that, both for the 
304 and 404 specimens, the largest discrepancy between the FE prediction and the 
experiment occurs around the local buckling load. This is attributed to the imperfection 
sensitivity of the test points in this region.  
In all analyses, the FE model predicted the right failure mode of interaction between 
local and overall flexural buckling, and accurately displayed the failed shape. Figures 
5.35a to 5.35d show the failed shape of a number of back-to-back channels of various 
lengths, as observed in the experiment, and as predicted by the FE model. 
Figure 5.36 shows the experimentally measured deformations of a typical specimen 
(I404_1500_2) and compares them to the deformations predicted by the FE model. 
Figure 5.36a plots the axial shortening of the specimen over the load history, Figure 
5.36b provides the lateral displacement at mid-length and Figure 5.36c shows the 
rotations at both ends. Figure 5.36d displays the local displacements of the flange tips 
measured at specific locations by LVDTs L1 and L2, as illustrated by Figs. 4.17 and 
4.21, and compares them to the displacements of the corresponding nodes in the FE 
model.  
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Figure 5.35a. I404_500_2: Post-Peak Deformations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.35b. I304_1500_1:                 Figure 5.35c. I304_1000_1: 
Post-Peak Deformations                   Post-Peak Deformations 
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           Figure 5.35d. I404_3000_2: 
               Post-Peak Deformations 
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 Figure 5.36a. I404_1500_2 : Axial Load vs. Axial Shortening 
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Figure 5.36b. I404_1500_2 : Axial Load vs. Lateral Displacement  
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Figure 5.36d. I404_1500_2 : Axial Load vs. Local Displacements  
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Four similar graphs are provided in Appendix G for each of the 24 specimens included 
in the experimental program. It should be noted that static material properties were used 
in the FE model and that consequently, the FE generated curves should be compared to 
the (static) low points of the experimental curves, obtained by halting the test for 2 
minutes. It is concluded that the deformations are generally well predicted by the FE 
model. The local buckling displacements are rather sensitive to the location of the 
measurements, but nevertheless the general local buckling behaviour is reasonably well 
predicted in most cases. Exaggerated local buckling deformations were typically 
predicted below the local buckling load, since an explicit initial imperfection in the 
shape of the local buckling mode was included in the model. 
It is noted that good correspondence between the measured and the FE predicted 
ultimate loads was achieved despite the fact that the connectors were not explicitly 
modeled. The experimentally observed local buckling pattern is also well represented by 
the FE model. This indicates that the influence of the connectors on the local buckling 
pattern is minor for the location and configuration of the screw pattern under 
consideration. Indeed the local buckling half-wave length of approximately 140 mm is 
in this case several times smaller than the spacing of the screws, which is roughly 
500mm.  
In conclusion, the proposed FE model was successful in predicting the failure mode, the 
ultimate load capacity and the deformations of the stainless steel back-to-back channels. 
 
5.6.3  Parametric Studies 
 
ThinWall (1995) was used to design cross-sections composed of back-to-back channels 
with the desired nominal cross-sectional slenderness values (λs = 1.1, 1.7 and 2.4). The 
wall thickness was gradually reduced to increase λs. Three alloys were considered: 
3Cr12, 304 and 430. The results of the calculations are listed in Table 5.15, using the 
notations introduced in Figure 5.37. For each combination of the alloy and the cross-
sectional slenderness, eight overall slenderness values were considered, ranging from 
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0.25 to 2.0 in 0.25 increments. The specimens were labeled with “I”, indicating the 
cross-sectional shape, followed by the alloy, the thickness (in mm) and the effective 
length (in mm). For instance, I430_1.80_500 is a 430 alloy, 500 mm long specimen with 
a thickness of 1.80 mm.  
The compressive material properties obtained in Chapter 3 for the 3Cr12, 304 and 430 
alloys were used in the model. Anisotropy was taken into account using Hill’s criterion 
with the coefficients listed in Table 5.1. Increased material properties of the corners 
were also obtained from Chapter 3 (Section 3.2.3). 
2b
d
r
t
 
Figure 5.37. Specimen Dimensions (I-Sections) 
 
Table 5.15. Specimen Dimensions (I-Sections) 
Material λs d 2b r t σcr ωd 
 - mm mm mm mm MPa - 
3Cr12 1.12 100.00 70.00 4.00 1.80 261 0.60 
3Cr12 1.83 99.30 69.30 4.00 1.10 98 0.60 
3Cr12 2.52 99.00 69.00 4.00 0.80 52 0.60 
304 1.03 100.00 70.00 4.00 1.80 221 0.60 
304 1.68 99.30 69.30 4.00 1.10 83 0.60 
304 2.31 99.00 69.00 4.00 0.80 44 0.60 
430 1.05 100.00 70.00 4.00 1.80 242 0.60 
430 1.71 99.30 69.30 4.00 1.10 91 0.60 
430 2.35 99.00 69.00 4.00 0.80 48 0.60 
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Figure 5.38. Initial Imperfection (I-Section) 
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Figure 5.39. Deformations under Progressive Loading (I-Sections) 
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An overall imperfection of Le/1500 was included in the model. In addition, a local 
imperfection in the shape of the local buckling mode with an amplitude given by Eq. 
(5.23) was incorporated. Figure 5.38 shows the shape of the local imperfection, the 
overall imperfection and the combined initial imperfection of specimen I304_110_750. 
All specimens were modeled with pinned end conditions. 
Table I.4 of Appendix I contains the results of the FE studies under the heading “Test”.  
Figures I.35 to I.43 plot the specimen load capacities against the effective length Le or 
the overall slenderness λo. 
Figure 5.39 shows the deformations of a typical specimen (I430_080_1000) at various 
stages of loading. The contour plots represent von Mises surface stresses.   
 
5.7  Summary 
 
Figure 5.40 provides an overview of the data available in Appendix I. A total of 216 
ultimate strength results were generated through FE studies. 101 experimental results 
are also available, amounting to a total of 317 data points. The data is used in the next 
chapters of this thesis to evaluate the current design guidelines and propose a Direct 
Strength approach for stainless steel columns.  
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Figure 5.40. Available Data 
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Chapter 6 
 
 
Evaluation of Current Design 
Practices 
 
 
6.1  Introduction 
 
In this chapter the available data on local-overall interaction buckling are compared to 
the current Australian/New Zealand, North-American and European design guidelines 
for stainless steel structures. The most recent Australian design rules are comprised in 
AS/NZS 4673 (2001), and are largely concurrent with the North American ASCE 
(2002) rules. The European design guidelines for stainless steel are specified in 
Eurocode 3 prEN 1993-1-4 (2006). All mentioned design standards have been based on 
the design rules for cold-formed carbon steel members. Since stainless steel has material 
properties which are distinctively different from those of carbon steel, it is unclear 
whether this approach results in conservative or unconservative predictions. 
The current Australian, North-American and European design rules for cold-formed 
stainless steel are based on the effective width concept. A Direct Strength Method 
(DSM) has recently been included in the Australian standards for cold-formed carbon 
steel structures AS/NZS 4600 (2005) and in Appendix I of the North American 
Specifications (NAS) for Cold-Formed Steel Structural Members (2004). A DSM for 
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stainless steel compression members, based on the data presented in this thesis, is 
proposed in Chapter 7. 
 
6.2  General 
 
6.2.1  AS/NZS 4673 
 
AS/NZS 4673 calculates the effective width ρb of a plate element in a plate assembly 
using the Winter equation (1940), based on the design stress fn: 
0.1122.01
pp
≤λ⎟⎟⎠
⎞
⎜⎜⎝
⎛
λ−=ρ        (6.1) 
where the slenderness λp is determined from: 
⎟⎟⎠
⎞
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⎛=λ
0
n
p E
f
t
b
k
052.1
       (6.2) 
b is the flat width of the plate element, t is the plate thickness, E0 is the initial modulus 
and k is the plate buckling coefficient. fn is the least of the flexural, torsional and 
flexural-torsional buckling stresses of the member, calculated on the basis of the 
unreduced (gross) cross-section. For compression members subject to flexural buckling 
AS/NZS 4673 provides two options for calculating fn. The first option is to use the 
tangent modulus approach: 
( ) y2e
t
2
n frL
Ef ≤π=
        (6.3) 
Et is the tangent modulus corresponding to the buckling stress fn, so that an iterative 
approach is necessary. Le is the effective length and r is the radius of gyration of the 
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unreduced cross-section. In the context of stainless steel, fy carries the meaning of the 
0.2% proof stress. Alternatively, fn may be calculated using a direct approach: 
y22
y
n f
f
f ≤λ−φ+φ=        (6.4) 
    ( )21
2
1 λ+η+=φ         (6.5) 
( )( )o1 λ−λ−λα=η β        (6.6) 
0
2
ye
E
f
r
L
π⎟⎠
⎞⎜⎝
⎛=λ
        (6.7) 
The values of α, β, λo and λ1 for the materials under consideration are shown in Table 
6.1. They were either directly obtained from AS/NZS 4673, or in the case of the 404 
alloy, calculated from the underlying equations presented in (Rasmussen and Rondal 
1997). 
In the context of obtaining the overall buckling stress, the two methods will from hereon 
be referred to as the “tangent approach” and the “direct approach” respectively. 
 
Table 6.1. Values of α, β, λo and λ1 (AS/NZS 4673; 2001) 
 Alloy 
 304 430 404 3Cr12 S31803 
α 1.59 1.04 0.73 0.94 1.16 
β 0.28 0.14 0.15 0.15 0.13 
λo 0.55 0.59 0.57 0.56 0.65 
λ1 0.20 0.33 0.25 0.27 0.42 
 
6.2.2  prEN 1993-1-4 
 
The European approach, outlined in prEN 1993-1-4 (2006) differs from AS/NZ 4673 in 
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that the 0.2% proof stress fy is used to calculate effective areas. The equations used to 
calculate the effective width ρb are as follows: 
- For cold-formed or welded internal elements: 
11125.0722.0
pp
≤λ⎟⎟⎠
⎞
⎜⎜⎝
⎛
λ−=ρ       (6.8) 
- For cold-formed outstand elements: 
11231.01
pp
≤λ⎟⎟⎠
⎞
⎜⎜⎝
⎛
λ−=ρ        (6.9) 
where the element slenderness λp is defined as: 
k4.28
t/b
p ε=λ               (6.10) 
and: 
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y 210000
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⎡=ε
             (6.11) 
Eq. (6.10) is equivalent to Eq. (6.2) with fn = fy. The definition of the width b in Eq. 
(6.10) is rather inconsistent and depends on the type of cross-section, but usually 
pertains to the flat width, except for outstand elements, where the overall width is 
considered. 
The overall buckling slenderness λ of a Class 4 (slender) cross-section is then defined 
as: 
cr
ye
N
fA=λ
              (6.12) 
where Ae is the effective area and Ncr is the elastic overall buckling load. λ is 
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subsequently used to calculate: 
( )( )2015.0 λ+λ−λα+=ϕ
            (6.13) 
[ ] 11 5.022 ≤λ−ϕ+ϕ=χ              (6.14) 
1MyeRd,b /fAN γχ=
             (6.15) 
Nb,Rd is the design buckling resistance, including a partial safety factor γM1. The values 
of α and λ0 corresponding to the appropriate buckling curve should be used. For 
flexural buckling of cold-formed open sections and hollow sections: α = 0.49 and λ0 = 
0.40. 
 
6.3  Lipped Channels 
 
6.3.1  AS/NZS 4673 
 
Section 3.4 of AS/NZS 4673 discusses concentrically loaded compression members and 
defines these as: “members in which the resultant of all loads acting on the member is 
an axial load passing through the centroid of the effective section calculated at the stress 
fn”. Therefore, pin-ended members with singly symmetric cross-sections subject to local 
buckling need to be designed as beam-columns, taking into account the shift of the 
effective centroid. They need to satisfy: 
0.1N
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⎛
αφ+φ            (6.16) 
where: 
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( ) nnec f.fAN =
              (6.17) 
N* is the design load (N* = Ae(f*).f*) and eN is the shift of the effective centroid, 
calculated at the design stress f*. Iterations are therefore necessary to find the stress f* 
which equates Eq. (6.16) to 1.0. Mby is the nominal bending capacity about the weak 
axis, Cmy = 1.0, αny = 1 – N*/Ne and Ne is the Euler buckling load. Nominal capacities 
are meant to be considered in the comparison with the experimental and FE generated 
results, and therefore the capacity factors φc and φb are set equal to 1.0.    
When calculating the effective area of a lipped channel in compression, a local buckling 
factor k of 4.0 should be used for the web. The flange-and-lip assemblies are considered 
as “elements with an edge stiffener” and their effective areas are determined according 
to Clause 2.4.3.   
The bending capacity about the weak axis Mby is calculated according to Clause 3.3.2, 
considering a moment which puts the web of the channel in compression and causes 
tension in the flange lips. AS/NZS 4673 allows for the inelastic reserve capacity to be 
used if the conditions of Clause 3.3.2.3 are met, which is the case for the channels under 
consideration. Due to the geometry of the channels the compressive strain factor Cy in 
Clause 3.3.2.3 equals 1.0, meaning that the bending capacity may be determined 
assuming that the channel web reaches the yield strain, with the cross-section being 
partially plastified on the tension side. 
Appendix J contains the detailed calculations for a typical lipped channel 
C3Cr12_1.32_1100. Section J.1 calculates the member capacity utilizing the tangent 
approach to find the overall buckling stress, while section J.2 repeats the calculations 
with the overall buckling stress determined from the direct strength equations.  
AS/NZS 4673 was used to predict the ultimate capacity of all 66 lipped channels listed 
in Table I.1 of Appendix I. The results are listed in Table I.1 under the heading “AS(t)” 
when the tangent approach was used, and under the heading “AS(d)” when the direct 
approach was taken.    
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It should be noted that the lipped channels with the highest cross-sectional slenderness 
values (λs ≥ 2.4) fall outside the scope of AS/NZS 4673. The ratio c/bflat of these 
channels, where c is the overall width of the lip and bflat is the flat width of the flange, is 
greater than the allowed value of 0.8 and results in some cases in negative predictions of 
the local buckling factor k (Eq. 2.4.3.2(8) of Clause 2.4.3.2). Nevertheless, the high 
ratio of c/bflat is necessary to suppress the distortional buckling mode. No predictions 
are listed for the lipped channels with λs ≥ 2.4 which are subject to local buckling. 
A graphical comparison between the predictions of AS/NZS 4673 and the experimental 
or FE generated ultimate capacities is made in Figures I.1 to I.9 of Appendix I. The 
graphs also show the concentric column strength predicted by AS/NZS 4673 in dashed 
line i.e. the column capacity Nc = Ae.fn, without taking into account the shift of the 
effective centroid. The stepped curve in Figure I.8 is the result of a discontinuous 
transition under Clause 3.4.3.2 from Case I into Case II as Le increases.  
 
6.3.2  prEN 1993-1-4 
 
Pin-ended members with a singly symmetric cross-section subject to local buckling 
undergo a shift in effective centroid and need to satisfy Clause 5.5: “Axial Compression 
and Uniaxial Minor Axis Moment”: 
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where eN is the shift of the effective centroid under uniform compression, calculated at a  
stress fEd, with: 
EdeEd fAN =
              (6.19) 
Nb,Rd is the overall buckling capacity, calculated according to Eq. (6.15) and kz is an 
interaction factor taken as: 
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where λ is defined by Eq. (6.12). 
Iterations are necessary to determine NEd from Eq. (6.18). 
First yielding in bending is reached on the tension side, at the lips of the channel. 
Therefore, Clause 6.1.4.2 of EN 1993-1-3 applies and the effective section modulus 
We,z can be determined assuming a partially plastified cross-section on the tension side 
and a linear stress distribution with maximum stress fy on the compression side.   
For the purpose of evaluating the design standards, the partial factor γM1 is set equal to 
1.0. 
An example of the detailed calculations according to prEN 1993-1-4 is included in 
Section J.3 of Appendix J for a typical channel C3Cr12_1.32_1100. prEN 1993-1-4 
states that the local buckling factor k should be obtained from EN 1993-1-5 (2006) 
“Plated structural elements”, which results in k = 4.0 for the web. The procedure 
outlined in EN 1993-1-3, Clause 5.5.3.2. “Plane elements with edge stiffener” was used 
to check for distortional buckling of the flange-lip assembly. It was found that χd = 1.0 
for all lipped channels under consideration, indicating that no distortional buckling 
takes place. The procedure also provides the k value of the flange and the lip. 
Technically the scope of EN 1993-1-3 and prEN 1993-1-4 is limited to cases where c/b 
< 0.6, where c and b are the overall widths of the lip and the flange respectively. Some 
of the lipped channels with higher cross-sectional slenderness listed in Table I.1 of 
Appendix I do not satisfy this criterion. A prediction of the ultimate capacity is 
nevertheless listed for all lipped channels in Table I.1 under the heading “EC3”.   
The strength curves predicted by prEN 1993-1-4 are also included in Figures I.1 to I.9 
of Appendix I. The concentric column strength, ignoring any shift in effective centroid, 
is also shown for comparison. 
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6.4  Plain Channels 
 
6.4.1  AS/NZS 4673 
 
Pin-ended plain channel columns subject to local buckling need to be designed as 
elements in combined axial compression and bending because of the shift in effective 
centroid. The comments made previously in Section 6.3.1 apply. 
When calculating the effective area under uniform compression, a k value of 4.0 should 
be used for the web, while 0.5 is the appropriate value for the flanges.  
Since the effective centroid shifts towards the web, the nominal bending capacity Mby 
needs to be calculated assuming the channel web undergoes tension and the flange tips 
are in compression. The k value of the flanges is in this case determined from Appendix 
I (“Unstiffened Elements with Stress Gradient”) of AS/NZS 4673. The yield strain is 
first reached in compression at the flange tips. No extra capacity can be obtained from 
taking into account the inelastic reserve capacity provisions of Clause 3.3.2.3, where the 
compressive strain factor Cy has to be taken as 1.0 for an unstiffened element.    
An example of the detailed calculations is included in Section J.4 of Appendix J for a 
typical specimen PC304_1.80_750. The overall buckling stress is calculated using the 
tangent approach. Section J.5 repeats the calculations with the overall buckling stress 
determined from the direct approach. 
AS/NZS 4673 was used to determine the ultimate capacities of all 72 plain channel 
columns included in Table I.2 of Appendix I. The results are listed under the headings 
“AS(t)” (tangent approach) and “AS(d)” (direct approach) in Table I.2. Figures I.10 to 
I.18 provide a graphical comparison between the design code predictions and the FE 
generated data. The concentric column capacities, assuming no additional bending is 
caused by the shift in effective centroid, are also shown.  
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6.4.2  prEN 1993-1-4 
 
prEN 1993-1-4 was used to predict the ultimate capacities of the plain channels in Table 
I.2 of Appendix I. The results are listed in Table I.2 under the heading “EC3”. 
The detailed calculations of a sample specimen PC304_1.80_750 are included in 
Section J.6 of Appendix J. In accordance with prEN 1993-1-5, k equals 4.0 for the web 
and k equals 0.43 for the flanges. Eq. (6.8) was used to determine the effective width of 
the web, while Eq. (6.9) was used for the flanges. The shift in effective centroid was 
taken into account using Eq. (6.18). The effective section modulus We was determined 
according to EN 1993-1-3, Clause 6.1.4.1, assuming a linear stress distribution which 
reaches fy at the compressed flange tips.  
The strength curves predicted by EC3 are also shown in Figures I.10 to I.18 of 
Appendix I. 
 
6.5  Hollow Sections 
 
6.5.1  AS/NZS 4673 
 
The ultimate capacities, calculated according to AS/NZS 4673, are listed in Tables I.3a 
and I.3b of Appendix I for the 60 experimental and the 24 FE generated results 
respectively. The columns “AS(t)” and “AS(d)” contain the AS/NZS predictions using 
the tangent approach and the direct approach to calculate the overall buckling stress 
respectively.  
Detailed calculations are included in Section J.7 of Appendix J for a sample specimen 
R1L1200 from the experimental program by Young and Liu (2003). In agreement with 
Clause 2.2.1.2 of the Standard, a k value of 4.0 was used for all plate components.  
A graphical comparison between the strength curves predicted by AS/NZS 4673 and the 
experimental and FE generated results is presented in Figures I.19 to I.27 of Appendix I 
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for the square hollow sections, and in Figures I.28 to I.32 for the rectangular hollow 
sections. 
 
6.5.2  prEN 1993-1-4 
 
The ultimate capacities predicted by prEN 1993-1-4 are listed in Tables I.3a and I.3b of 
Appendix I under the heading “EC3”. The predicted strength curves are also included in 
Figures I.19 to I.32.  
Sample calculations for specimen R1L1200 are included in Section J.8 of Appendix J. 
prEN 1993-1-5 dictates a k value of 4.0 for all plate components. This value is to be 
used in combination with Eq. (6.8) to determine the effective width. 
 
6.6  I-Sections 
 
6.6.1  AS/NZS 4673 
 
AS/NZS 4673 was used to predict the capacities of all 95 I-columns (comprised of 
back-to-back channels) listed in Table I.4 of Appendix I. The results are found in Table 
I.4 under the headings “AS(t)” (tangent approach) and “AS(d)” (direct approach).  
A sample calculation for specimen I404_1.20_1000 is included in Section J.9 of 
Appendix J. As prescribed by AS/NZS 4673, a k value of 0.5 was used for the flanges, 
while the k value of the webs is 4.0.  
Figures I.33 to I.43 of Appendix I graphically compare the predictions of AS/NZS 4673 
with the experimental and FE generated results. 
 
6.6.2  prEN 1993-1-4 
 
prEN 1993-1-4 was used to predict the capacity of all 95 I-columns in Table I.4 of 
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Appendix I. The results are listed in Table I.4 under the heading “EC3” and graphically 
presented in Figures I.33 to I.43. 
The detailed calculations are presented in Section J.10 of Appendix J for a sample 
specimen I404_1.20_1000. A k value of 4.0 is prescribed for the webs, in combination 
with Eq. (6.8), while the k value of the flanges is 0.43, used in combination with Eq. 
(6.9).  
 
6.7  Reliability Analysis 
 
A first order second moment (FOSM) reliability analysis was performed to evaluate the 
current design guidelines. The analysis is based on (Lin et al. 1992) and adopts the 
following statistical data:  
y The variable F, defined as the ratio of the actual to the nominal cross-sectional 
dimensions, has a mean value Fm = 1.0 and a coefficient of variation VF = 0.05. 
y The variable M, defined as the ratio of the actual to the nominal material 
properties, has a mean value Mm = 1.10 and a coefficient of variation VM = 0.10. 
y A representative ratio of dead load to live load for cold-formed structures is 1/5. 
y The coefficient of variation of the live load VL is 0.25. 
y The coefficient of variation of the dead load VD is 0.1. 
These assumptions are in line with the LRFD approach for cold-formed carbon steel, 
which underpins the ASCE (2002), AS/NZS 4673 (2001), AS/NZS 4600 (2005) and 
NAS (AISI 2001) guidelines. 
Reliability analyses were performed with target reliability indices β of 2.5 and 3.0. The 
cold-formed carbon steel standards adopt β = 2.5. A higher value of β = 3.0 was set for 
the stainless steel standards due to an initial lack of general experience with the material. 
As this obstacle gets overcome over time, the opinion arises in the field that conformity 
with the carbon steel codes on the issue of the reliability index should be aimed for. 
Table 6.2 summarizes the results of a reliability analysis performed on the lipped 
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channel data in Table I.1 of Appendix I. The resistance factor φ was determined for 
AS/NZS 4673 (tangent approach and direct approach) and EC3. In this context, it is 
noted that AS/NZS 4673 prescribes φ = 0.85 when the tangent approach is used, but φ = 
0.90 when the direct approach is used. prEN 1993-1-4 recommends to use partial safety 
factors γM0 = γM1 = 1.1, with 1/γM0 = 1/γM1 = 0.91. Table 6.2 also lists the mean value of 
Pu,n/Pu,p for the different design codes (where Pu,n is the test result or FE generated result 
and Pu,p is the code predicted ultimate capacity), together with the coefficient of 
variation (COV).  
Table 6.2. Reliability Analysis: Lipped Channels 
  AS/NZS 4673 
Tangent Approach 
AS/NZS 4673 
Direct Approach 
EC3 
Mean 1.02 1.11 1.13 
Pu,n/Pu,p 
COV 0.12 0.10 0.11 
β = 2.5 0.79 0.88 0.89 φ 
β = 3.0 0.68 0.76 0.77 
 
Table 6.3 lists the resistance factors obtained from a reliability analysis on the data in 
Table I.2 of Appendix I (plain channels), for AS/NZS 4673 and EC3. The high COV-
values are in this case responsible for the low φ-values. 
 
Table 6.3. Reliability Analysis: Plain Channels 
  AS/NZS 4673 
Tangent Approach 
AS/NZS 4673 
Direct Approach 
EC3 
Mean 1.10 1.15 1.63 
Pu,n/Pu,p 
COV 0.25 0.22 0.32 
β = 2.5 0.71 0.79 0.94 φ 
β = 3.0 0.59 0.66 0.77 
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Table 6.4 contains the results of a reliability analysis on the available data on square and 
rectangular hollow sections, contained in Tables I.3a and I.3b of Appendix I. 
 
Table 6.4. Reliability Analysis: Hollow Sections 
  AS/NZS 4673 
Tangent Approach 
AS/NZS 4673 
Direct Approach 
EC3 
Mean 1.03 1.18 1.15 
Pu,n/Pu,p 
COV 0.12 0.15 0.13 
β = 2.5 0.84 0.92 0.94 φ 
β = 3.0 0.74 0.80 0.82 
 
Table 6.5 lists the resistance factors obtained from a reliability analysis on the available 
data on I-sections (Table I.4 of Appendix I). 
A reliability analysis was also performed including all 317 available data points of 
various cross-sections, listed in Tables I.1 to I.4 of Appendix I, in order to allow a 
general conclusion on the performance of the design standards to be made. The results 
are shown in Table 6.6. 
 
Table 6.5. Reliability Analysis: I-Sections 
  AS/NZS 4673 
Tangent Approach 
AS/NZS 4673 
Direct Approach 
EC3 
Mean 0.83 0.91 0.97 
Pu,n/Pu,p 
COV 0.15 0.10 0.16 
β = 2.5 0.65 0.76 0.77 φ 
β = 3.0 0.57 0.67 0.67 
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Table 6.6. Reliability Analysis: All Sections 
  AS/NZS 4673 
Tangent Approach 
AS/NZS 4673 
Direct Approach 
EC3 
Mean 0.99 1.08 1.21 
Pu,n/Pu,p 
COV 0.21 0.19 0.31 
β = 2.5 0.69 0.78 0.71 φ 
β = 3.0 0.58 0.66 0.58 
 
6.8  Conclusions 
 
It is apparent from Table 6.6 that in general, the current design guidelines are unable to 
appropriately account for the interaction effect between local and overall buckling of 
stainless steel columns. The calculated resistance factors are all significantly lower than 
the ones prescribed by the respective standards.   
Table 6.4 demonstrates however that the current Australian/North-American and 
European guidelines are safe and reasonably accurate for stainless steel square and 
rectangular hollow sections. The same conclusion can be drawn from observing Figures 
I.19 to I.32. As the cross-sectional slenderness λs increases to its high-end values (Figs. 
I.25 to I.27), the design codes keep performing relatively well, although EC3 becomes 
increasingly less conservative. 
Figures I.1 to I.9 show that the design guidelines can be quite conservative for lipped 
channels with low cross-sectional slenderness (λs = 1.1), and more so for ferritic alloys 
than for austenitic alloys, but become less conservative for higher cross-sectional 
slenderness values. EC3 consistently underestimates the stub column strength of lipped 
channel sections. The recommended resistance factors for lipped channels, based on β = 
2.5 (Table 6.2), lie slightly below the code prescribed values 
The capacity of plain channels with low cross-sectional slenderness (λs = 1.1) is well 
predicted by the direct approach of AS/NZS 4673, while the tangent approach can be 
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unconservative (Figs. I.10 to I.18). For plain channels with higher cross-sectional 
slenderness values however (λs = 1.6, λs = 2.3), AS/NZS becomes overly conservative. 
EC3 results in overly conservative predictions for plain channels of any slenderness λs. 
Figures I.33 to I.43 demonstrate that AS/NZS 4673 and EC3 result in unconservative 
predictions of the capacity of stainless steel I-sections with intermediate and high cross-
sectional slenderness values (λs = 1.6 - 2.5). This is true for ferritic as well as austenitic 
sections. This unconservatism mainly demonstrates itself around the local buckling load 
and in the transition towards pure (inelastic) overall buckling. The inability of the 
design standards to capture the pronounced interaction effect in I-sections results in 
recommended resistance factors (Table 6.5) which are significantly lower than the code 
prescribed values. 
The conclusion emerges that the current Australian/North-American and European 
design guidelines for stainless steel are increasingly unable to accurately predict the 
specimen capacity as the cross-sectional slenderness increases and the interaction effect 
between local and overall buckling becomes more pronounced. 
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Chapter 7 
 
 
The Direct Strength Method 
 
 
7.1 Current Formulation for Carbon Steel Columns 
 
The direct strength method (DSM) has recently been included the North-American 
Specifications for Cold-Formed Steel Structural Members (AISI 2004) and the 
Australian Standard for cold-formed (carbon) steel AS/NZS 4600 (2005). The equations 
are based on a slenderness λl, with: 
cr
ne
l P
P=λ
         (7.1) 
Pne is the overall buckling load and Pcr is the elastic local buckling load. The 
compressive member capacity Pnl, accounting for local buckling, can then be calculated 
using the DSM equations: 
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    (7.2) 
According to Eqs. (7.1) and (7.2) the interaction between local and overall buckling is 
 
Chapter 7   The Direct Strength Method 
 
 234
taken into account by relating Pcr to the overall buckling strength Pne in the expression 
for the slenderness λl, rather than to the section yield strength Py, as is the case when 
determining the pure local buckling strength. 
Eq. (7.2) was applied to the available stainless steel data, where the overall buckling 
capacity Pne was calculated using the direct approach of AS/NZS 4673, outlined in Eqs. 
(6.4) to (6.7). A reliability analysis, conforming to the principles discussed in Section 
6.7, was performed. The resulting resistance factors are listed in Table 7.1. A target 
reliability index β of 2.5 was used.  
 
Table 7.1 DSM for Carbon Steel: Reliability Analysis 
 Pu,p/Pu,n  
 Mean COV φ 
Lipped Channels 1.00 0.08 0.81 
Plain Channels 0.73 0.16 0.55 
SHS/RHS 1.17 0.15 0.92 
I-Sections 0.90 0.09 0.76 
Overall (All Sections) 1.03 0.16 0.79 
 
It is seen from Table 7.1 that the capacity factor of φ = 0.9, specified in AS/NZS 4600 
and the NAS specification is only achieved for SHS and RHS section columns. Hence, 
Eq. (7.2) can only be relied on to predict the capacity of stainless steel SHS and RHS 
sections, but fails to deliver reliable predictions for other types of cross-sections.  
 
7.2  Proposed DSM for Stainless Steel Columns 
 
Eq. (7.2) was modified to develop a specific DSM for stainless steel columns. A general 
expression is presented, based on the data of stainless steel SHS, RHS, I-sections and 
lipped channels. The shift in effective centroid in plain channels is too significant and 
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has too severe an effect on the (pin-ended) member capacity to include the plain channel 
data into the development of the DSM. However, the proposed DSM may still be 
applied to plain channel columns with fixed ends, or with sufficient end restraint to 
minimize the effect of the shift in effective centroid. 
An equation is proposed of the form: 
⎪⎪⎩
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where a, b and c are coefficients. Pne is the overall buckling strength determined with 
the direct equations (6.4) to (6.7) obtained from AS/NZS 4673. The slenderness λl is 
still determined by Eq. (7.1), where Pcr is the elastic local buckling load of the cross-
section. The limit slenderness λlimit is given by:  
c
1
2
itlim b2
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       (7.4) 
A reliability analysis was performed on the 245 data points of lipped channels, I-
sections and SHS/RHS, contained in Appendix I to determine the coefficients a, b and c. 
A target reliability index β of 2.5 was used, in conjunction with a resistance factor φ of 
0.9. By trial-and-error the following values were determined: a = 0.95; b = 0.22; c = 0.8. 
Eq. (7.4) then results in λlimit = 0.474. The mean value of predicted to experimental (or 
FE generated) capacity was 1.16 with a COV of 0.15. The Direct Strength equation is: 
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Figure 7.1 compares the proposed DSM (Eq. 7.5) with the experimental and numerical 
data of Appendix I. Eq. (7.2), representing the DSM for carbon steel included in 
AS/NZS 4600 and NAS, is also shown for comparison, as is the Winter equation (6.1).  
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Figure 7.1. Comparison of Proposed DSM with Test Results 
 
Figures 7.2, 7.3 and 7.4 separate the data by cross-section type: lipped channels, 
SHS/RHS and I-sections. It is seen from these figures that within each cross-section 
type no significant grouping of the data per material alloy (austenitic, ferritic or duplex) 
occurs. This justifies the approach of presenting one direct strength curve, without 
distinguishing between the different alloys. The material properties of a specific alloy 
are indirectly accounted for by basing the slenderness λl on the inelastic overall 
buckling strength Pne, because the parameters α, β, λo and λ1 in Eq. (6.4) to (6.7) are 
alloy specific.   
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Figure 7.2. DSM for Lipped Channels 
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Figure 7.3. DSM for SHS/RHS 
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Figure 7.4. DSM for I-Sections 
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Figure 7.5. Experimental and Numerical Data by Cross-Section Type 
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Figures 7.2 to 7.4 show that the largest scatter of data occurs between λ = λlimit and λ = 
1.0. This corresponds to the imperfection sensitive region where the column strength 
transitions from Pcr into the inelastic overall buckling curve. The scatter is most 
pronounced for the SHS/RHS data, which are mostly experimental. 
The reliability analysis was based on a total of 245 data points, including 101 
experimental results and 144 FE based results. While the experimental results inherently 
incorporate the natural scatter in local and overall imperfections, this cannot be said of 
the FE generated results. However, the local and overall imperfections employed in the 
FE model represent a statistical mean, based on the work by Walker (1975) and 
Bjorhovde (1972) respectively. Since the odds of an actual imperfection being either 
larger or smaller than this average can therefore be assumed equal, this scatter is not 
deemed to affect the eventual mean value of Pu,p/Pu,n. 
As seen in Fig. 7.1, the data display a fairly large scatter as a result of the consideration 
of various alloys, various imperfections through the experimental results, and most 
notably, various cross-sections. While no allowance is made for the lack of scatter in the 
imperfection values of the FE results, it is believed that its impact on the COV of 
Pu,p/Pu,n is relatively small as a result of the already large contributions of the other 
variables. Therefore the inclusion of the FE results in the derivation of the DSM is 
deemed justifiable. 
Figure 7.5 suggests a slight clustering of the data by cross-section. While the interaction 
effect is more pronounced in I-sections compared to SHS and RHS, lipped channels are 
affected by a shift in effective centroid. A DSM is here proposed for each of these cross-
section types, in case a more accurate prediction of the compressive capacity is desired 
for a member with any of these particular types of cross-section. A reliability analysis 
with reliability index β = 2.5 and resistance factor φ = 0.9 was performed on the 
applicable data to determine the coefficients a, b and c in Eq. (7.3). The results are listed 
in Table 7.2. The DSM for each cross-section type is compared to the relevant 
numerical and experimental data in Figures 7.2 to 7.4.  
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Table 7.2 DSM for Particular Cross-Sections 
 Coefficients  Pu,p/Pu,n  
 a b c λlimit Mean COV φ 
Lipped Channels 0.93 0.19 0.7 0.513 1.12 0.09 0.90 
SHS/RHS 1.00 0.15 0.8 0.776 1.17 0.15 0.92 
I-Sections 0.86 0.18 0.6 0.327 1.07 0.09 0.90 
All Sections 0.95 0.22 0.8 0.474 1.16 0.15 0.90 
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Chapter 8 
 
 
Conclusions 
 
 
8.1 Experimental Studies 
 
8.1.1  Material Testing 
 
Extensive material testing was carried out on austenitic 304, ferritic 430 and 404, and 
ferritic-like 3Cr12 stainless steel alloys. Tensile and compressive coupons were cut from 
the flat plate material under different angles with the rolling direction. The austenitic 
304 alloy exhibited negligible anisotropy in tension and only very moderate anisotropy 
(of the order of 3-5%) in compression. The ferritic alloys, as well as 3Cr12, 
demonstrated more pronounced anisotropy, which typically reached 12-15% in the 
transverse direction in tension and compression. The rolling direction typically 
displayed the lowest 0.2% proof stress, while the transverse direction exhibited the 
highest strength. The material stress-strain curves are distinctively non-linear with low 
proportionality limit and low n-value. The non-linearity and loss of stiffness is more 
pronounced in the austenitic alloys than in the ferritic alloys, and is more severe in 
compression than in tension. The 0.2% proof stresses listed by the Australian/New 
Zealand, North-American and European design codes are generally conservative. 
Tensile coupons (and where practically possible, also compressive coupons) were cut 
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from the corner areas of brake-pressed specimens. The results indicate that significant 
strength enhancement can be obtained through cold-working, especially in the austenitic 
alloys where the 0.2% proof stress can more than double. 
 
8.1.2  Column Tests 
 
36 lipped channel columns were tested between pinned end conditions. Three alloys 
were considered: 304, 430 and 3Cr12. The program was successful in achieving 
interaction between local and overall buckling without the influence of the distortional 
buckling mode. Interaction buckling took place in the inelastic stress range. Thus the 
results reflect the gradual loss of stiffness in the stainless steel stress-strain curve. The 
cross-sectional slenderness of the specimens varied around 1.1. The overall slenderness 
ranged from 0.35 to 1.7. Half of the specimens were tested under a nominally concentric 
load. Twin specimens were tested with an eccentricity of Le/1500, applied towards the 
web. The test results reveal a severe sensitivity of the column strength to the magnitude 
of the eccentricity. This sensitivity is especially pronounced around the inelastic local 
buckling load. A distinct flattening of the strength curve around the local buckling load 
is observed, which is more prominent in the concentric test results. Specimens were 
seen to undergo overall bending towards the lips of the channel above the local buckling 
load as a result of the shift in effective centroid. Amplitude modulation of the local 
buckling pattern as a result of the interaction effect took place, with the local buckles 
eventually localizing at mid-height in the post-peak range. 
24 I-section columns were tested between pinned ends. The specimens were fabricated 
by connecting channels in a back-to-back configuration with sheet metal screws. A 
spacing between the connections of L/3 was maintained, with a maximum of 500 mm. 
The cross-sectional slenderness was approximately 2.0, while the overall slenderness 
ranged from 0.4 to 2.0. Nominally identical specimens were fabricated of two different 
alloys: 304 and 404. All specimens were tested under an eccentrically applied load with 
an eccentricity of Le/1500. The test program was successful in achieving interaction 
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between local and overall buckling. A pronounced interaction effect with amplitude 
modulation of the local buckling pattern was observed. The shape of the strength curve 
was again consistent with van der Neut’s theoretical considerations. The higher degree 
of non-linearity and early loss of stiffness of the austenitic 304 alloy compared to the 
ferritic 404 alloy is reflected in a lower column strength of the 304 specimens. 
Recognizing the importance of the shape and magnitude of the initial imperfections in 
the local-overall buckling phenomenon, the initial imperfections of each specimen were 
carefully measured and recorded using traveling laser beams mounted on a custom 
designed rig. 
The experimental work presented in this thesis remedies the lack of experimental data 
available on the local-overall interaction buckling of stainless steel columns with open 
cross-sections. 
 
8.2  Numerical Studies 
 
A finite element model is presented, which was specifically developed to generate 
additional data on the local-overall interaction buckling of stainless steel columns. The 
model accounts for the specific material behaviour of stainless steel alloys: non-linear 
stress-strain behaviour, material anisotropy and work-hardened corners. A 4-node shell 
element with 6 degrees of freedom at each node was used. The element accounts for 
finite membrane strains and arbitrarily large rotations and is therefore suitable for large-
strain analyses and geometrically non-linear problems. A convergence study was carried 
out to determine the mesh which yields the optimum balance between accuracy and 
computational efficiency. 
The FE model was first verified against the experimental work presented in this thesis. 
Special attention was paid to the modeling of imperfections. When modeling the tests 
on the lipped channels, the imperfections were explicitly modeled by translating the 
imperfection measurements into nodal coordinates. Excellent agreement was obtained 
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between the predicted and the experimentally measured strength of the lipped channel 
columns. The average ratio of the predicted strength to the test result was 1.00 with a 
standard deviation of 0.03. The predicted load-deformation behaviour was compared to 
the LVDT readings recorded during the tests and good agreement was achieved. 
In order to obtain a realistic model of the back-to-back channels, contact between the 
web surfaces of the channels was added to the model. It was demonstrated that an 
accurate solution can be obtained without the need to explicitly model the connectors. A 
representative value of the amplitude of the local imperfection was deducted from the 
imperfection readings using the method proposed by Hasham and Rasmussen (2002). 
The measured overall imperfection was also included in the model. Very good 
agreement with the experiment was again obtained. The average ratio of the predicted 
strength to the test result was 0.97 with a standard deviation of 0.06. The predicted load-
deformation behaviour corresponded well with the LVDT readings, although the local 
buckling displacements were somewhat overestimated at low loads.      
Numerical results were generated for pin-ended columns with lipped channel, plain 
channel and back-to-back channel cross-sections. The numerical studies covered cross-
sectional slenderness values ranging from 1.1 to approximately 2.4, and overall 
slenderness values ranging from 0.25 to 2.0. Three alloys were considered: 304, 430 and 
3Cr12. An overall imperfection of Le/1500 was incorporated into the model, combined 
with a local imperfection of which the amplitude was determined based on the work by 
Walker (1975). 
Numerical simulations were also run for pin-ended austenitic SHS columns over the 
same range of cross-sectional and overall slenderness values. Realistic material 
properties of the cold-formed surfaces and corner areas were obtained from an 
experimental program by Rasmussen and Hancock (1993) on 304L SHS columns failing 
by overall buckling. The finite element model was first verified against the 
aforementioned experiments and yielded good agreement. The average ratio of 
predicted strength to test result was 1.02 with a standard deviation of 0.08. 
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8.3  Current Design Practices 
 
The database of 317 experimental and numerical test results was used to evaluate the 
current Australian/New Zealand, North American and European design guidelines for 
stainless steel. A reliability analysis revealed that the current standards are unable to 
appropriately account for the local-overall interaction effect. Generally, the design 
standards become less conservative as the cross-sectional slenderness increases. Plain 
channels form an exception, since the standards generally lead to excessively 
conservative predictions for plain channel columns with slender cross-sections. The 
design standards under consideration all yield unsafe predictions for I-section columns 
with intermediate to high cross-sectional and overall slenderness values. However, 
reasonable predictions were obtained for SHS/RHS columns.   
 
8.4  Design Recommendations 
 
A Direct Strength Method is proposed for stainless steel columns subject to the 
interaction of local and overall flexural buckling. The general form of the equations is 
based on the DSM which has been accepted in the most resent version of the Australian 
and US design standards for carbon steel, and which based on the work by Schafer and 
Peköz (1998a). A slenderness for interaction buckling is defined by relating the local 
buckling load to the inelastic overall buckling load, rather than to the yield load as is the 
case for pure local buckling:  
cr
ne
l P
P=λ
         (7.1) 
The column strength Pnl of stainless steel columns is then given by: 
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The proposed Eq. (7.2) is based on a reliability analysis with target reliability index β = 
2.5, carried out on 245 data points including lipped channel, back-to-back channel, SHS 
and RHS columns. It assumes Pne is determined using the direct column strength 
approach of the AS/NZS 4673 (2001) Standard. Separate DSM equations for lipped 
channel, back-to-back channel and SHS/RHS columns are also presented. 
 
8.5  Recommendations for Further Study 
 
A thorough understanding of the interaction of buckling modes is a necessary condition 
for the development of safe and economic design guidelines for cold-formed structural 
members. The interaction of the local and the distortional buckling modes, and the 
distortional and overall buckling modes is still not well-understood, even in carbon steel 
members, and more experimental and theoretical research is needed in this area. 
This research has addressed the interaction of local and overall buckling of stainless 
steel columns, where the overall buckling mode is flexural buckling. Since local 
buckling causes a more severe erosion of the flexural buckling load than of the torsional 
or flexural-torsional buckling load (Benito and Sridharan 1984), the proposed DSM 
equations are believed to be conservative in case the overall buckling mode is not 
flexural buckling. More economic design guidelines for these particular cases would 
require specific research into the interaction of local and (flexural-) torsional buckling 
of stainless steel columns.   
The extension of the DSM to stainless steel structural elements in bending is an area 
which is still to be explored. Most obviously the interaction of local and flexural-
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torsional buckling modes needs to be studied, although interaction with a possible 
distortional mode also requires consideration. 
The proposed DSM was developed based on experimental and numerical data of lipped 
channel, back-to-back channel, SHS and RHS columns. Increased confidence in the 
method could be obtained from experimental or numerical test results on different types 
of cross-sections, such as hat or zed sections, or lipped channels with folded-in 
stiffeners, thus expanding the array of ‘pre-qualified’ sections. Stainless steel alloys 
different from the ones included in this research could also be considered. 
The methodology of the research could also be applied to other non-linear metals such 
as aluminium. 
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Appendix A 
 
Tensile Coupon Test Results I 
 
 
Appendix A presents the results of the tensile coupon tests carried out on the 304, 430 
and 3Cr12 materials as part of the experimental investigation of lipped channel columns. 
The coupons were cut from the flat sheets. The reader is referred to section 3.2.1 of the 
main text for further details.   
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Figure A.1. 304 Coupon Test Results of Flats: Longitudinal Tension 
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Figure A.2. 304 Coupon Test Results of Flats: 30o Tension 
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Figure A.3. 430 Coupon Test Results of Flats: Longitudinal Tension 
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Figure A.4. 430 Coupon Test Results of Flats: 30o Tension 
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Figure A.5. 3Cr12 Coupon Test Results of Flats: Transverse Tension 
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Figure A.6. 3Cr12 Coupon Test Results of Flats: 30o Tension 
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Appendix B 
 
Stub Column Test Results 
 
 
Appendix B presents the results of the stub column test on the 3Cr12, 304 and 430 
lipped channel sections. The results are presented in the form of load vs. displacement 
graphs and average stress vs. average strain diagrams. The reader is referred to section 
3.4 of the main text for further details. 
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Figure B.1. Stub Column C3Cr12_SC1 : Load vs. Axial Displacement 
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Figure B.2. Stub Column C3Cr12_SC2 : Load vs. Axial Displacement 
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Figure B.3. Stub Column C304_SC1 : Load vs. Axial Displacement 
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Figure B.4. Stub Column C304_SC2 : Load vs. Axial Displacement 
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Figure B.5. Stub Column C430_SC1 : Load vs. Axial Displacement 
0
50
100
150
200
250
300
350
400
0 0.1 0.2 0.3 0.4 0.5
Strain (%)
S
tre
ss
 (M
P
a)
 C3Cr12_SC1
 C3Cr12_SC2
 3Cr12 Coupon Test
 
Figure B.6. 3Cr12 Stub Columns: Stress-Strain Curves 
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Figure B.7. 304 Stub Columns: Stress-Strain Curves 
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Figure B.8. 430 Stub Column: Stress-Strain Curve 
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Appendix C 
 
Lipped Channel Imperfection Data 
 
 
Appendix C contains the imperfection measurements on all 36 lipped channel specimens. 
The imperfections were measured along five lines, as indicated on the included diagrams. 
For numerical modeling purposes the measurements are also represented by their 
(truncated) Fourier decomposition. The reader is referred to section 3.5 of the main text 
for further details.   
A 3D diagram of the exaggerated imperfections is also included for each specimen. 
The Fourier coefficients are tabulated for each line of each specimen in Tables C.1, C.2 
and C.3. 
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          Figure C.1. C3Cr12_400_1 Imperfection Data 
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          Figure C.2. C3Cr12_400_2 Imperfection Data 
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         Figure C.3. C3Cr12_620_1 Imperfection Data 
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          Figure C.4. C3Cr12_620_2 Imperfection Data 
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          Figure C.5. C3Cr12_920_1 Imperfection Data 
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          Figure C.6. C3Cr12_920_2 Imperfection Data 
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          Figure C.7. C3Cr12_1220_1 Imperfection Data 
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          Figure C.8. C3Cr12_1220_2 Imperfection Data 
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          Figure C.9. C3Cr12_1520_1 Imperfection Data 
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          Figure C.10. C3Cr12_1520_2 Imperfection Data 
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          Figure C.11. C3Cr12_1819_1 Imperfection Data 
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          Figure C.12. C3Cr12_1819_2 Imperfection Data 
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          Figure C.13. C304_400_1 Imperfection Data 
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         Figure C.14. C304_400_2 Imperfection Data 
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         Figure C.15. C304_636_1 Imperfection Data 
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          Figure C.16. C304_636_2 Imperfection Data 
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          Figure C.17. C304_866_1 : Imperfection Data 
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          Figure C.18. C304_866_2 : Imperfection Data 
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          Figure C.19. C304_1103_1 Imperfection Data 
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          Figure C.20. C304_1103_2 Imperfection Data 
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          Figure C.21. C304_1339_1 : Imperfection Data 
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          Figure C.22. C304_1339_2 Imperfection Data 
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          Figure C.23. C304_1741_1 Imperfection Data 
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          Figure C.24. C304_1741_2 Imperfection Data 
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          Figure C.25. C430_399_1 Imperfection Data 
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          Figure C.26. C430_399_2 Imperfection Data 
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         Figure C.27. C430_650_1 Imperfection Data 
 
Appendix C                                    Lipped Channel Imperfection Data 
 
 C-31
1
2 3 4
5
+ +
+
    
-0.2
-0.1
0
0.1
0 0.5 1
x/L
d 
(m
m
)
1
 
-0.1
0.1
0 0.5 1
x/L
d 
(m
m
)
2
    
-0.1
0.1
0 0.5 1
x/L
d 
(m
m
)
3 Lcr
 
-0.1
0.1
0 0.5 1
x/L
d 
(m
m
)
4
    
-0.2
-0.1
0
0.1
0 0.5 1
x/L
d 
(m
m
)
5
 
 
          Figure C.28. C430_650_2 Imperfection Data 
 
Appendix C                                    Lipped Channel Imperfection Data 
 
 C-32
1
2 3 4
5
+ +
+
    
-0.2
-0.1
0
0.1
0 0.5 1
x/L
d 
(m
m
)
1
  
-0.2
-0.1
0
0.1
0 0.5 1
x/L
d 
(m
m
)
2
     
-0.1
0
0.1
0 0.5 1
x/L
d 
(m
m
)
3 Lcr
 
-0.1
0
0.1
0.2
0 0.5 1
x/L
d 
(m
m
)
4
     
-0.2
-0.1
0
0.1
0 0.5 1
x/L
d 
(m
m
)
5
 
 
          Figure C.29. C430_915_1 Imperfection Data 
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          Figure C.30. C430_915_2 Imperfection Data 
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          Figure C.31. C430_1178_1 Imperfection Data 
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          Figure C.32. C403_1178_2 Imperfection Data 
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          Figure C.33. C430_1430_1 Imperfection Data 
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          Figure C.34. C430_1430_2 Imperfection Data 
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          Figure C.35. C430_1831_1 Imperfection Data 
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          Figure C.36. C430_1831_2 Imperfection Data 
 
 
Appendix C                                       Lipped Channel Imperfection Data 
 
 C-40
Specimen Line A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20 
 1 -1359 -172 -34 -91 14 -71 -8 -32             
2 341 100 21 7 31 4 -40 -37             
3 652 -269 -104 55 -52 6 -35 -21             
4 223 112 -81 47 -72 12 -51 3             
C3Cr12_400_1 
5 -3358 -258 -161 -50 1 -41 -15 1             
1 -110 33 -100 -2 -47 21 -10 3             
2 241 63 32 19 3 21 1 2             
3 610 -244 -11 52 26 -2 32 3             
4 272 10 -35 8 -14 0 -7 -5             
C3Cr12_400_2 
5 -1047 -108 -24 -81 8 2 -15 -13             
1 -1629 -50 103 -22 95 29 5 30 -36            
2 794 332 -98 29 -43 -62 1 -10 -4            
3 417 469 -117 128 -31 -119 -45 27 -50            
4 1239 177 -88 -38 3 -81 -12 -1 -11            
C3Cr12_620_1 
5 -1800 -119 -225 -7 -30 -19 -10 -9 -9            
1 -113 -232 -119 -77 3 -7 8 -17 -2            
2 1027 31 2 -20 44 -25 -10 -28 -29            
3 179 -507 -182 -113 -20 75 -43 -34 -24            
4 315 -70 -21 -23 1 -12 -3 -17 -3            
C3Cr12_620_2 
5 -2398 -252 -31 16 92 -3 26 -39 -2            
1 -2546 -540 -125 268 -14 65 -19 28 -39 -11 -2 23         
2 -520 201 78 -41 72 33 63 -5 -36 11 5 -12         
3 90 6 37 166 -108 130 68 -11 -119 8 -15 24         
4 337 260 -76 -29 -1 17 69 -1 -54 -15 6 20         
C3Cr12_920_1 
5 -2773 57 -288 173 -5 21 -48 -11 -3 -5 36 17         
1 -1488 -751 88 187 9 -13 -34 32 -28 1 -6 -4         
2 621 244 76 32 40 8 17 -38 -54 5 0 -11         
3 2074 -118 181 247 42 157 90 -24 -90 6 39 22         
4 2366 168 -78 -15 74 14 70 -12 -55 -4 15 18         
C3Cr12_920_2 
5 -2816 -12 -284 152 -4 8 -24 -5 -1 -12 10 6         
 
 
 
  Table C.1. Fourier Coefficients Ak (in 10-4 mm) 
for the Imperfections of the 3Cr12 
Specimens (continued on next page) 
 
∫= Lk L
xkxf
L
A
0
sin)(2 π  
 
∑∞
=
=
1
sin)(
k
k L
xkAxf π  
 
Appendix C                                       Lipped Channel Imperfection Data 
 
 C-41
 
Specimen Line A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20 
1 - -299 -935 104 - -14 -68 28 -53 22 11 -4 -15 11 19 16     
2 -747 128 259 124 - -78 -10 -1 -25 -30 -40 8 -13 23 18 -14     
3 1684 221 195 331 -2 -25 -3 55 69 3 -75 -8 -70 20 28 8     
4 822 204 32 24 - -85 -54 -17 -21 -6 -16 -10 -31 2 30 14     
C3Cr12_1220_1 
5 - 744 -978 127 - -51 -120 2 -55 -25 -62 -2 -29 -15 9 -17     
1 - 425 -460 88 - -68 -84 -37 -28 -37 -73 -17 -9 -1 5 -5     
2 -1182 -418 237 59 -39 -63 -18 -6 -27 -62 -8 -17 -43 -18 32 -14     
3 1102 -96 284 - 103 -51 34 -50 52 -46 -63 -13 -75 -25 11 -5     
4 340 -140 135 - - -48 -38 -14 -31 -41 -36 -13 -32 -13 9 18     
C3Cr12_1220_2 
5 - 1545 - -68 - - -85 -73 -18 -78 -42 -51 -29 -13 21 -32     
1 -722 -209 -211 -41 6 -9 -83 56 46 51 37 25 -45 -17 -29 -61 -43 -31   
2 -847 -349 485 -52 186 -94 -24 20 112 35 34 -50 -46 -97 -42 -51 -25 -51   
3 -1149 -372 180 183 280 - -158 -11 70 -2 55 -86 -124 -35 -93 -3 -49 -53   
4 - -235 232 -16 230 -59 -56 43 75 24 13 -14 -64 -25 -50 -27 -41 -24   
C3Cr12_1520_1 
5 - -327 - 77 -25 -86 -119 24 84 123 72 77 32 -33 -49 -28 -31 -21   
1 - 131 - -80 - 288 -197 18 -61 65 -5 115 64 34 -14 3 -46 23   
2 5345 -140 457 -9 243 68 -21 80 131 132 44 47 -44 -66 -43 -35 -38 18   
3 4625 96 330 - 265 310 -55 143 171 116 106 122 -99 -50 -62 -53 -33 80   
4 3378 -239 388 -49 141 71 -90 31 115 55 69 37 -29 -43 -56 -42 -37 28   
C3Cr12_1520_2 
5 1132 -613 -131 -31 109 153 36 -19 21 26 5 9 27 -26 1 11 -23 11   
1 - 965 -783 -53 - 206 -130 142 8 -22 -89 -52 -12 62 72 49 -15 -36 -28 -38 
2 7130 -127 676 225 95 239 23 53 107 -58 -82 -64 -29 -13 99 22 2 -21 -20 -67 
3 6746 165 508 24 -45 190 155 67 71 30 -96 -26 -12 95 26 6 -4 -31 -68 -66 
4 6304 -91 547 228 102 92 47 71 94 -14 -91 -84 -13 1 53 33 0 -21 -26 -70 
C3Cr12_1819_1 
5 - 695 -163 130 53 46 -68 70 64 -91 -68 -49 5 24 86 33 -20 -29 4 -38 
1 -439 -71 -717 -25 - 255 -45 132 8 -18 -111 -50 22 73 82 35 10 -66 14 -27 
2 4456 -505 510 62 165 280 186 114 215 -23 -128 -150 -129 -76 36 22 4 2 6 -50 
3 4217 152 311 77 -11 321 197 136 83 16 -142 -68 -117 19 1 -30 10 -47 -41 -45 
4 4006 38 206 153 97 125 93 104 114 1 -118 -151 -76 -45 24 40 0 -6 -13 -44 
C3Cr12_1819_2 
5 - -110 -611 275 -53 37 -157 13 45 -55 -94 -15 16 55 65 -5 -48 -43 -11 -20 
 
 
Appendix C                                       Lipped Channel Imperfection Data 
 
 C-42
 
Specimen Line A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20 
1 -1925 -98 -91 -85 -45 -34               
2 786 191 85 6 9 17               
3 443 473 -29 76 -37 26               
4 335 206 74 -11 -18 24               
C304_400_1 
5 -1580 -36 -46 -25 -2 -33               
1 -452 125 -29 41 -44 12               
2 478 204 63 45 -6 73               
3 -111 264 -16 91 7 46               
4 156 144 -13 54 -49 58               
C304_400_2 
5 -1640 -6 -89 18 -39 13               
1 -32 168 -13 12 -5 10 11 14             
2 468 164 -99 31 -7 -21 -24 -28             
3 406 12 -372 66 -21 -98 -1 21             
4 707 135 -79 38 -18 7 -26 4             
C304_620_1 
5 -830 191 -196 5 -88 9 -65 -23             
1 -1263 -222 -182 -78 -104 -66 -55 -8             
2 796 96 20 -8 30 -44 20 -5             
3 318 568 -410 21 -3 57 -11 34             
4 279 55 17 69 12 -32 -31 30             
C304_620_2 
5 -81 -18 -73 -40 -78 -15 -1 1             
1 -1754 -18 -221 79 17 22 14 -20 -1 -18           
2 116 -96 47 1 47 20 -11 -19 4 -8           
3 1070 481 -168 349 -39 193 -126 -9 20 -112           
4 694 224 -111 166 39 111 -38 -9 -17 -15           
C304_920_1 
5 -5363 502 -492 212 -97 163 -38 92 -17 68           
1 -1117 -223 -198 -83 -91 -88 -83 -82 -63 -26           
2 -248 11 28 105 63 5 17 -17 37 -7           
3 452 -134 -124 256 -203 375 -146 109 116 -118           
4 35 -324 -125 32 33 85 -23 24 16 10           
C304_920_2 
5 -3334 -151 -269 -25 53 8 -25 -62 2 -17           
 
 
  Table C.2. Fourier Coefficients Ak (in 10-4 mm) 
for the Imperfections of the 304 
Specimens (continued on next page) 
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Appendix C                                       Lipped Channel Imperfection Data 
 
 C-43
 
Specimen Line A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20 
1 -3824 -415 -521 -99 -360 -98 -118 -21 -94 -27 -20 -37 -42        
2 1878 220 112 55 -85 -51 -45 -2 -85 -24 -52 -51 -19        
3 1917 1089 156 388 -140 207 -113 163 -78 1 33 -45 24        
4 1107 134 101 96 -178 -14 -58 14 -78 -14 -10 -32 -32        
C304_1220_1 
5 -530 61 101 41 -118 -97 -16 21 -30 -18 -6 -32 -20        
1 -1468 305 -106 105 -193 49 -61 33 -34 -4 19 -11 -23        
2 1374 298 194 107 -90 -2 -14 49 -62 17 1 -27 -39        
3 1743 825 385 298 -109 72 -45 65 8 -47 74 -41 15        
4 955 283 193 122 -168 29 8 34 -33 -3 23 10 -33        
C304_1220_2 
5 -264 42 151 69 -121 -44 -68 24 -51 -9 -23 -6 -26        
1 -2165 -128 -489 -47 -217 -104 37 12 3 -73 11 -26 27 15 8 7     
2 3403 -198 133 -157 -41 -133 22 -101 24 -84 52 5 54 -25 8 -15     
3 1998 -631 404 -112 20 -223 -1 -121 43 -16 72 53 7 31 6 28     
4 440 -119 179 -57 -125 -167 -3 -37 34 -58 11 7 28 26 18 0     
C304_1520_1 
5 -617 -612 -329 -135 -183 -147 16 -40 -6 -71 38 3 24 -21 3 -6     
1 -1779 -345 -589 -151 -307 -122 -73 -10 -22 -25 -2 15 26 24 4 14     
2 -731 81 125 -60 -89 -31 41 -28 24 -33 32 10 57 18 10 2     
3 770 -253 336 54 -14 -182 -2 -74 54 -48 19 20 26 18 10 28     
4 690 35 230 -51 -187 -75 42 27 19 -26 8 -2 36 16 8 16     
C304_1520_2 
5 -6577 -353 -1139 -57 -347 12 2 -1 -26 -50 25 -6 25 0 -3 -6     
1 -3295 65 -158 81 122 158 -73 -88 17 30 12 3 30 -13 35 3 43 18 -8 -12 
2 3611 -562 191 109 57 -11 74 42 138 120 120 34 3 -73 -88 -67 -16 -49 -1 17 
3 2631 9 595 344 130 285 85 73 88 184 128 30 41 -58 -64 -27 -9 -8 7 24 
4 1108 273 160 33 66 119 68 -33 85 136 111 29 30 -30 -62 -32 3 13 -3 36 
C304_1819_1 
5 -1764 -117 103 80 87 57 13 148 157 35 -45 -60 -71 -58 2 32 58 7 20 -10 
1 -819 -211 -544 -21 -95 112 24 125 166 66 -71 -103 -102 -66 0 4 46 21 -16 -33 
2 -2863 -142 523 136 181 19 -19 64 61 -68 -92 -74 -48 -45 62 32 37 -59 -32 -49 
3 -36 69 873 126 231 84 -12 38 -24 -13 -124 -41 -80 -9 27 29 -9 -13 -58 -12 
4 1125 161 561 30 148 98 -57 63 95 29 -71 -68 -57 -11 47 16 40 -18 -31 -36 
C304_1819_2 
5 -7676 140 -1198 292 -301 184 -103 141 127 45 -14 -61 -16 -42 25 52 73 27 15 10 
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Specimen Line A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20 
1 -1132 -248 -162 -44 -39 -29 -10 -19 22 -19           
2 22 61 -28 9 32 -27 -3 -25 -15 -3           
3 -240 79 -123 69 -68 26 7 -6 -2 -13           
4 -137 183 -55 125 -30 59 -32 6 -17 18           
C430_399_1 
5 -301 -198 -65 0 2 -33 0 -10 2 -9           
1 -1241 -253 -191 -5 -63 7 -6 -12 -53 0           
2 -130 77 -64 -41 9 -27 5 -30 -2 -12           
3 -190 143 -230 29 -55 -32 -17 4 12 -8           
4 38 205 -21 100 34 44 11 40 18 3           
C430_399_2 
5 -395 -124 -33 4 -60 -25 -41 -29 -11 -5           
1 -1355 -358 -47 -52 48 -28 9 -51 10 -14 4 -35         
2 332 308 -72 46 -43 -46 -22 2 -10 -21 -28 -9         
3 -348 337 -201 168 -84 -27 -38 76 -69 -22 21 7         
4 139 184 -83 40 -34 -36 -18 -12 -7 -7 -10 -1         
C430_650_1 
5 -707 -168 64 20 -55 -49 -5 0 -2 10 -17 2         
1 -743 -283 -76 -57 -82 -7 -84 -53 -27 -39 -46 -38         
2 93 314 -81 18 -12 5 0 -4 6 -9 -14 20         
3 -290 -110 -90 -25 -131 54 -49 -89 14 -21 -40 51         
4 196 104 19 39 -56 56 -14 -17 19 5 1 23         
C430_650_2 
5 -1076 -98 -60 -8 -30 -64 -55 -8 -45 -53 -24 -27         
1 -439 -70 93 140 7 -38 -22 20 48 -8 -4 8 24 10 5 5 18    
2 -772 346 -16 173 72 48 5 -15 30 -17 -2 4 2 9 14 -3 10    
3 45 -169 2 201 40 23 -40 -18 7 -10 -1 17 -15 -5 -2 2 -4    
4 739 -249 -1 160 94 35 -34 -6 -5 7 6 12 0 5 -4 7 -1    
C430_915_1 
5 -1213 -122 42 148 -64 16 27 31 -17 16 6 2 -5 8 -11 22 7    
1 -1753 10 -143 39 -5 -65 -34 0 10 -15 7 -2 29 27 -16 -2 13    
2 -353 166 -78 130 19 22 11 -33 -5 -9 5 -9 -16 -6 -19 -3 4    
3 -39 -272 -120 123 -53 -78 34 -13 -65 45 -30 -67 22 17 -60 7 21    
4 369 -391 -53 166 90 42 29 1 14 26 11 -8 36 14 2 -1 21    
C430_915_2 
5 154 -114 245 125 12 -31 31 20 -2 -16 8 5 25 1 33 29 22    
 
 
 Table C.3. Fourier Coefficients Ak (in 10-4 mm) 
for the Imperfections of the 430 
Specimens (continued on next pages) 
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Specimen Line A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 
1 -3214 112 -374 0 -227 -29 -67 -6 -51 -32 -33 -6 -38 -37 -16 10 -30 -17 -22 
2 127 -447 22 -105 -188 -180 -64 -74 -18 -104 -44 -71 -34 -61 -42 -44 -25 -50 -25 
3 101 -314 -213 21 -216 -200 -103 -84 -63 -52 -42 -50 -50 -35 -36 -41 -29 -30 -18 
4 1398 -302 -106 98 -73 -27 -19 9 3 -16 14 -3 -12 -16 -14 -7 13 -7 -16 
C430_1178_1 
5 -484 178 -110 189 -82 22 -2 59 -4 9 -11 16 -13 18 -2 11 4 2 4 
1 -790 89 -128 77 -76 -29 -35 7 -17 -22 -20 -2 -12 3 -10 -17 -20 -28 5 
2 1688 391 -32 74 -13 -73 29 19 -6 -27 -8 -1 -16 1 -13 -21 -7 -21 -9 
3 986 116 44 17 -36 -38 -7 -7 -5 -14 -13 -22 -10 -2 -26 -22 6 -8 -10 
4 659 143 215 87 -31 -76 -24 6 9 -33 -8 -19 -5 -5 -11 -9 -7 -2 -10 
C430_1178_2 
5 -3428 -205 -361 127 -162 -111 -75 9 -37 -25 -15 -25 -4 -21 -4 11 14 -16 -15 
1 -3827 -522 -396 -52 -55 -22 -103 -123 -93 -19 0 31 44 49 36 32 17 14 18 
2 2801 -472 -276 133 64 92 191 37 43 -13 19 -47 -4 -9 -5 -26 -19 -12 2 
3 663 41 -222 142 -21 142 40 50 12 13 -2 -24 -20 -20 -31 -14 -42 10 -13 
4 -476 251 91 -2 39 159 133 66 50 25 33 -11 -12 -8 -3 -3 -19 -10 5 
C430_1430_1 
5 -2060 -60 176 29 34 45 -21 -116 -29 -1 -10 12 48 32 41 46 31 26 34 
1 -4052 -451 -401 56 8 34 83 20 -5 -51 11 -48 -9 -43 -5 -37 -22 -30 -8 
2 2941 -456 -318 80 -13 38 164 12 18 -33 23 -1 17 -49 5 -21 -15 -27 -13 
3 1238 -167 43 21 20 14 103 32 40 -33 12 15 -13 -28 -10 -29 -15 -15 -12 
4 -304 373 221 9 -10 57 184 53 57 9 46 2 -17 -12 -5 -4 0 -8 -1 
C430_1430_2 
5 -3364 67 -100 -36 -102 100 27 -75 -58 -38 -26 -39 -16 -22 24 12 -8 18 17 
1 -4928 -253 -459 219 -169 -67 -36 -52 120 51 -12 -106 -110 -116 -83 -32 26 33 28 
2 2048 -990 -51 316 39 48 66 -50 98 101 73 -13 -91 -53 -62 -63 -42 1 39 
3 750 -102 -17 155 97 89 101 -14 39 133 74 -13 -80 -40 -77 -39 -24 -6 13 
4 -592 492 -30 -234 15 18 58 -89 111 98 65 -8 -32 -43 -57 -47 -15 6 27 
C430_1831_1 
5 -2739 432 119 77 18 87 27 -80 116 10 -22 -51 -20 -18 -20 28 57 9 35 
1 -5872 -591 -460 167 -72 -130 -19 -147 11 -1 -22 -79 -12 -46 -48 -36 49 19 11 
2 942 -1194 554 208 159 -97 87 6 95 84 130 100 13 -31 -50 -42 -65 -38 -24 
3 192 -386 520 71 265 -105 285 12 59 -12 195 63 -75 -61 49 -73 -91 -12 -13 
4 -590 713 380 -155 196 85 35 -140 37 64 90 27 11 7 -34 -49 -33 -12 -19 
C430_1831_2 
5 -3098 122 8 132 154 124 155 -41 140 37 24 -1 4 -35 -59 -8 59 33 29 
 
 
Table continued on next page 
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Specimen Line A20 A21 A22 A23 A24 A25 A26 A27 A28 A29 A30 A31 
1 -6 -11           
2 -20 -19           
3 -7 -24           
4 -8 -7           
C430_1178_1 
5 27 15           
1 -18 6           
2 -5 0           
3 -15 9           
4 -10 6           
C430_1178_2 
5 -22 8           
1 5 -26 -2 -14 -15 -1       
2 -14 10 -8 -11 2 -9       
3 -17 -11 -10 -7 1 -3       
4 -3 -1 10 7 -10 -3       
C430_1430_1 
5 29 19 9 -9 -15 -9       
1 -16 -5 -2 -9 2 15       
2 -15 -19 -29 -21 -5 -17       
3 -10 -10 -25 -11 -1 1       
4 1 -3 -3 -21 -8 -6       
C430_1430_2 
5 11 19 16 5 23 13       
1 14 -9 -43 -20 -32 0 -12 1 22 9 -19 13 
2 52 16 7 -7 -1 -9 -4 -18 0 -4 11 -7 
3 48 2 19 -8 -7 -25 -3 -19 5 -6 -3 -6 
4 46 14 8 0 5 -11 -7 -11 5 -15 1 -4 
C430_1831_1 
5 -8 -12 -12 -19 -2 2 9 9 -6 5 3 -6 
1 8 24 -16 -37 1 15 -10 1 1 9 -8 -3 
2 -4 15 21 7 -14 23 8 -8 -17 0 4 11 
3 -17 -21 10 5 -21 -3 -8 -6 -34 -22 -24 7 
4 4 23 31 4 26 23 -7 -11 -6 5 -8 1 
C430_1831_2 
5 
 
31 38 13 -18 -25 -8 0 -30 17 7 7 -2 
Table continued from
 previous page 
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Lipped Channel Column Test Data 
 
 
Appendix D contains the data related to all 36 lipped channel column tests. For each test 
four graphs are presented, showing: 
a. The load vs. axial shortening diagram, concurring with the average stress vs. 
average strain diagram. 
b. The load vs. lateral displacement diagram. 
c. The load vs. end rotations diagram.   
d. The load vs. local displacements diagram. 
The adopted sign conventions are illustrated in Figure 3.17. The positions of the LVDTs 
D1, D2, W1, W2, L1, L2, R1 and R2 is shown in Figure 3.15b. The reader is referred to 
section 3.6 of the main text for further details.  
The experimental data is graphically compared to the output of the finite element model 
described in Chapter 5. The finite element model is based on static material properties. 
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Figure D.1a. C3Cr12_400_1: Axial Load vs. Axial Shortening 
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Figure D.1b. C3Cr12_400_1: Axial Load vs. Lateral Displacement 
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Figure D.1c. C3Cr12_400_1: Axial Load vs. End Rotations 
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Figure D.1d. C3Cr12_400_1: Axial Load vs. Local Displacements 
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Figure D.2a. C3Cr12_400_2: Axial Load vs. Axial Shortening 
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Figure D.2b. C3Cr12_400_2: Axial Load vs. Lateral Displacement 
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Figure D.2c. C3Cr12_400_2: Axial Load vs. End Rotations 
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Figure D.2d. C3Cr12_400_2: Axial Load vs. Local Displacements 
 
Appendix D                                               Lipped Channel Column Test Data 
 
 D-12
0
20
40
60
80
100
120
140
0 1 2 3 4 5 6
Axial Shortening (mm)
Ax
ial
 Lo
ad
 (k
N)
0
50
100
150
200
250
0 0.002 0.004 0.006 0.008
Average Axial Strain
Av
er
ag
e A
xia
l S
tre
ss
 (M
Pa
)
FE
Test
 
Figure D.3a. C3Cr12_620_1: Axial Load vs. Axial Shortening 
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Figure D.3b. C3Cr12_620_1: Axial Load vs. Lateral Displacement 
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Figure D.3c. C3Cr12_620_1: Axial Load vs. End Rotations 
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Figure D.3d. C3Cr12_620_1: Axial Load vs. Local Displacements 
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Figure D.4a. C3Cr12_620_2: Axial Load vs. Axial Shortening 
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Figure D.4b. C3Cr12_620_2: Axial Load vs. Lateral Displacement 
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Figure D.4c. C3Cr12_620_2: Axial Load vs. End Rotations 
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Figure D.4d. C3Cr12_620_2: Axial Load vs. Local Displacements 
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Figure D.5a. C3Cr12_920_1: Axial Load vs. Axial Shortening 
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Figure D.5b. C3Cr12_920_1: Axial Load vs. Lateral Displacement 
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Figure D.5c. C3Cr12_920_1: Axial Load vs. End Rotations 
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Figure D.5d. C3Cr12_920_1: Axial Load vs. Local Displacements 
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Figure D.6a. C3Cr12_920_2: Axial Load vs. Axial Shortening 
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Figure D.6b. C3Cr12_920_2: Axial Load vs. Lateral Displacement 
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Figure D.6c. C3Cr12_920_2: Axial Load vs. End Rotations 
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Figure D.6d. C3Cr12_920_2: Axial Load vs. Local Displacements 
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Figure D.7a. C3Cr12_1220_1: Axial Load vs. Axial Shortening 
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Figure D.7b. C3Cr12_1220_1: Axial Load vs. Lateral Displacement 
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Figure D.7c. C3Cr12_1220_1: Axial Load vs. End Rotations 
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Figure D.7d. C3Cr12_1220_1: Axial Load vs. Local Displacements 
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Figure D.8a. C3Cr12_1220_2: Axial Load vs. Axial Shortening 
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Figure D.8b. C3Cr12_1220_2: Axial Load vs. Lateral Displacement 
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Figure D.8c. C3Cr12_1220_2: Axial Load vs. End Rotations 
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Figure D.8d. C3Cr12_1220_2: Axial Load vs. Local Displacements 
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Figure D.9a. C3Cr12_1520_1: Axial Load vs. Axial Shortening 
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Figure D.9b. C3Cr12_1520_1: Axial Load vs. Lateral Displacement 
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Figure D.9c. C3Cr12_1520_1: Axial Load vs. End Rotations 
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Figure D.9d. C3Cr12_1520_1: Axial Load vs. Local Displacements 
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Figure D.10a. C3Cr12_1520_2: Axial Load vs. Axial Shortening 
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Figure D.10b. C3Cr12_1520_2: Axial Load vs. Lateral Displacement 
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Figure D.10c. C3Cr12_1520_2: Axial Load vs. End Rotations 
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Figure D.10d. C3Cr12_1520_2: Axial Load vs. Local Displacements 
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Figure D.11a. C3Cr12_1819_1: Axial Load vs. Axial Shortening 
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Figure D.11b. C3Cr12_1819_1: Axial Load vs. Lateral Displacement 
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Figure D.11c. C3Cr12_1819_1: Axial Load vs. End Rotations 
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Figure D.11d. C3Cr12_1819_1: Axial Load vs. Local Displacements 
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Figure D.12a. C3Cr12_1819_2: Axial Load vs. Axial Shortening 
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Figure D.12b. C3Cr12_1819_2: Axial Load vs. Local Displacements 
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Figure D.12c. C3Cr12_1819_2: Axial Load vs. End Rotations 
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Figure D.12d. C3Cr12_1819_2: Axial Load vs. Local Displacements 
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Figure D.13a. C304_400_1 : Axial Load vs. Axial Shortening 
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Figure D.13b. C304_400_1 : Axial Load vs. Lateral Displacement 
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Figure D.13c. C304_400_1 : Axial Load vs. End Rotations 
0
20
40
60
80
100
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5
Local Displacement (mm)
Ax
ial
 L
oa
d 
(k
N)
W1 R1L1
W1
L1
R1
 
Figure D.13d. C304_400_1 : Axial Load vs. Local Displacements 
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Figure D.14a. C304_400_2 : Axial Load vs. Axial Shortening 
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Figure D.14b. C304_400_2 : Axial Load vs. Lateral Displacement 
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Figure D.14c. C304_400_2 : Axial Load vs. End Rotations 
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Figure D.14d. C304_400_2 : Axial Load vs. Local Displacements 
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Figure D.15a. C304_636_1 : Axial Load vs. Axial Shortening 
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Figure D.15b. C304_636_1 : Axial Load vs. Lateral Displacement 
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Figure D.15c. C304_636_1 : Axial Load vs. End Rotations 
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Figure D.15d. C304_636_1 : Axial Load vs. Local Displacements 
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Figure D.16a. C304_636_2 : Axial Load vs. Axial Shortening 
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Figure D.16b. C304_636_2 : Axial Load vs. Lateral Displacement 
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Figure D.16c. C304_636_2 : Axial Load vs. End Rotations 
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Figure D.16d. C304_636_2 : Axial Load vs. Local Displacements 
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Figure D.17a. C304_866_1 : Axial Load vs. Axial Shortening 
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Figure D.17b. C304_866_1 : Axial Load vs. Lateral Displacement 
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Figure D.17c. C304_866_1 : Axial Load vs. End Rotations 
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Figure D.17d. C304_866_1 : Axial Load vs. Local Displacements 
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Figure D.18a. C304_866_2 : Axial Load vs. Axial Shortening 
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Figure D.18b. C304_866_2 : Axial Load vs. Lateral Displacement 
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Figure D.18c. C304_866_2 : Axial Load vs. End Rotations 
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Figure D.18d. C304_866_2 : Axial Load vs. Local Displacements 
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Figure D.19a. C304_1103_1 : Axial Load vs. Axial Shortening 
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Figure D.19b. C304_1103_1 : Axial Load vs. Lateral Displacement 
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Figure D.19c. C304_1103_1 : Axial Load vs. End Rotations 
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Figure D.19d. C304_1103_1 : Axial Load vs. Local Displacements 
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Figure D.20a. C304_1103_2 : Axial Load vs. Axial Shortening 
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Figure D.20b. C304_1103_2 : Axial Load vs. Lateral Displacement 
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Figure D.20c. C304_1103_2 : Axial Load vs. End Rotations 
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Figure D.20d. C304_1103_2 : Axial Load vs. Local Displacements 
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Figure D.21a. C304_1339_1 : Axial Load vs. Axial Shortening 
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Figure D.21b. C304_1339_1 : Axial Load vs. Lateral Displacement 
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Figure D.21c. C304_1339_1 : Axial Load vs. End Rotations 
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Figure D.21d. C304_1339_1 : Axial Load vs. Local Displacements 
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Figure D.22a. C304_1339_2 : Axial Load vs. Axial Shortening 
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Figure D.22b. C304_1339_2 : Axial Load vs. Lateral Displacement 
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Figure D.22c. C304_1339_2 : Axial Load vs. End Rotations 
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Figure D.22d. C304_1339_2 : Axial Load vs. Local Displacements 
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Figure D.23a. C304_1741_1 : Axial Load vs. Axial Shortening 
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Figure D.23b. C304_1741_1 : Axial Load vs. Lateral Displacement 
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Figure D.23c. C304_1741_1 : Axial Load vs. End Rotations 
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Figure D.23d. C304_1741_1 : Axial Load vs. Local Displacements 
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Figure D.24a. C304_1741_2 : Axial Load vs. Axial Shortening 
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Figure D.24b. C304_1741_2 : Axial Load vs. Lateral Displacement 
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Figure D.24c. C304_1741_2 : Axial Load vs. End Rotations 
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Figure D.24d. C304_1741_2 : Axial Load vs. Local Displacements 
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Figure D.25a. C430_399_1 : Axial Load vs. Axial Shortening 
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Figure D.25b. C430_399_1 : Axial Load vs. Lateral Displacement 
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Figure D.25c. C430_399_1 : Axial Load vs. End Rotations 
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Figure D.25d. C430_399_1 : Axial Load vs. Local Displacements 
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Figure D.26a. C430_399_2 : Axial Load vs. Axial Shortening 
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Figure D.26b. C430_399_2 : Axial Load vs. Lateral Displacement 
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Figure D.26c. C430_399_2 : Axial Load vs. End Rotations 
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Figure D.26d. C430_399_2 : Axial Load vs. Local Displacements 
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Figure D.27a. C430_650_1 : Axial Load vs. Axial Shortening 
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Figure D.27b. C430_650_1 : Axial Load vs. Lateral Displacement 
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Figure D.27c. C430_650_1 : Axial Load vs. End Rotations 
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Figure D.27d. C430_650_1 : Axial Load vs. Local Displacements 
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Figure D.28a. C430_650_2 : Axial Load vs. Axial Shortening 
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Figure D.28b. C430_650_2 : Axial Load vs. Lateral Displacement 
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Figure D.28c. C430_650_2 : Axial Load vs. End Rotations 
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Figure D.28d. C430_650_2 : Axial Load vs. Local Displacements 
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Figure D.29a. C430_915_1 : Axial Load vs. Axial Shortening 
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Figure D.29b. C430_915_1 : Axial Load vs. Lateral Displacement 
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Figure D.29c. C430_915_1 : Axial Load vs. End Rotations 
0
10
20
30
40
50
- 10 - 8 - 6 - 4 - 2 0 2 4 6
Local Displacement (mm)
Ax
ial
 L
oa
d 
(k
N)
W1W2 R1R2 L2 L1
W1
L1
R1
 
Figure D.29d. C430_915_1 : Axial Load vs. Local Displacements 
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Figure D.30a. C430_915_2 : Axial Load vs. Axial Shortening 
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Figure D.30b. C430_915_2 : Axial Load vs. Lateral Displacement 
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Figure D.30c. C430_915_2 : Axial Load vs. End Rotations 
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Figure D.30d. C430_915_2 : Axial Load vs. Local Displacements 
 
Appendix D                                               Lipped Channel Column Test Data 
 
 D-68
0
10
20
30
40
50
0 1 2 3 4 5
Axial Shortening (mm)
Ax
ial
 L
oa
d 
(k
N)
0
50
100
150
200
0 0.001 0.002 0.003 0.004
Average Axial Strain
Av
er
ag
e 
Ax
ial
 S
tre
ss
 (M
Pa
)
FE
Test
 
Figure D.31a. C430_1178_1 : Axial Load vs. Axial Shortening 
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Figure D.31b. C430_1178_1 : Axial Load vs. Lateral Displacement 
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Figure D.31c. C430_1178_1 : Axial Load vs. End Rotations 
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Figure D.31d. C430_1178_1 : Axial Load vs. Local Displacements 
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Figure D.32a. C430_1178_2 : Axial Load vs. Axial Shortening 
0
10
20
30
40
0 10 20 30 40 50
Lateral Displacement (mm)
Ax
ial
 Lo
ad
 (k
N)
Test: LVDT D2
Test: LVDT D1
FE: LVDT D2
FE: LVDT D1
 
Figure D.32b. C430_1178_2 : Axial Load vs. Lateral Displacement 
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Figure D.32c. C430_1178_2 : Axial Load vs. End Rotations 
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Figure D.32d. C430_1178_2 : Axial Load vs. Local Displacements 
 
Appendix D                                               Lipped Channel Column Test Data 
 
 D-72
0
10
20
30
40
0 1 2 3 4 5
Axial Shortening (mm)
Ax
ial
 L
oa
d 
(k
N)
0
50
100
150
0 0.001 0.002 0.003
Average Axial Strain
Av
er
ag
e 
Ax
ial
 S
tre
ss
 (M
Pa
)
FE
Test
 
Figure D.33a. C430_1430_1 : Axial Load vs. Axial Shortening 
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Figure D.33b. C430_1430_1 : Axial Load vs. Lateral Displacement 
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Figure D.33c. C430_1430_1 : Axial Load vs. End Rotations 
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Figure D.33d. C430_1430_1 : Axial Load vs. Local Displacements 
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Figure D.34a. C430_1430_2 : Axial Load vs. Axial Shortening 
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Figure D.34b. C430_1430_2 : Axial Load vs. Lateral Displacement 
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Figure D.34c. C430_1430_2 : Axial Load vs. End Rotations 
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Figure D.34d. C430_1430_2 : Axial Load vs. Local Displacements 
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Figure D.35a. C430_1831_1 : Axial Load vs. Axial Shortening 
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Figure D.35b. C430_1831_1 : Axial Load vs. Lateral Displacement 
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Figure D.35c. C430_1831_1 : Axial Load vs. End Rotations 
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Figure D.35d. C430_1831_1 : Axial Load vs. Local Displacements 
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Figure D.36a. C430_1831_2 : Axial Load vs. Axial Shortening 
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Figure D.36b. C430_1831_2 : Axial Load vs. Lateral Displacement 
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Figure D.36c. C430_1831_2 : Axial Load vs. End Rotations 
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Figure D.36d. C430_1831_2 : Axial Load vs. Local Displacements 
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Appendix E 
 
Tensile Coupon Test Results II 
 
 
Appendix E presents the results of tensile coupon tests carried out on the 303 and 304 
alloys as part of the experimental study of back-to-back channel columns. The coupons 
were cut from the flat sheets. The reader is referred to section 4.2.1 of the main text for 
further details.   
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Figure E.1. Tensile Coupon Results: 304_LT_1 
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Figure E.2. Tensile Coupon Results: 304_LT_2 
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Figure E.3. Tensile Coupon Results: 304_LT_3 
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Figure E.4. Tensile Coupon Results: 304_TT_1 
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Figure E.5. Tensile Coupon Results: 304_TT_2 
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Figure E.6. Tensile Coupon Results: 304_TT_3 
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Figure E.7. Tensile Coupon Results: 404_LT_1 
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Figure E.8. Tensile Coupon Results: 404_LT_2 
 
Appendix E                                                  Tensile Coupon Test Results II 
 
 E-7
0
100
200
300
400
500
600
0 5 10 15 20 25 30 35
Strain (%)
S
tre
ss
 (M
P
a)
0
100
200
300
400
0 0.2 0.4 0.6 0.8 1
 
Figure E.9. Tensile Coupon Results: 404_LT_3 
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Figure E.10. Tensile Coupon Results: 404_TT_1 
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Figure E.11. Tensile Coupon Results: 404_TT_2 
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Figure E.12. Tensile Coupon Results: 404_TT_3 
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I-Section Imperfection Data 
 
 
Appendix F contains the results of the imperfection measurements on all 24 back-to-
back channel specimens. The imperfections were measured along 10 lines, as indicated 
below: 
1 2
3 4
5 8
6 9
7 10
++
++
++
++
++
 
For numerical modeling purposes the measurements are also represented by their 
(truncated) Fourier decomposition. The Fourier coefficients are listed in Tables F.1 and 
F.2. 
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Figure F.1. I304_500_1 Im
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Figure F.2. I304_500_2 Im
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Figure F.3. I304_1000_1 Im
perfections 
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Figure F.4. I304_1000_2 Im
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Figure F.5. I304_1500_1 Im
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Figure F.6. I304_1500_2 Im
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Figure F.7. I304_2000_1 Im
perfections 
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Figure F.8. I304_2000_2 Im
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Figure F.9. I304_2500_1 Im
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Figure F.10. I304_2500_2 Im
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Figure F.11. I304_3000_1 Im
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Figure F.12. I304_3000_2 Im
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Figure F.16. I404_1000_2 Im
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Figure F.17. I404_1500_1 Im
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Figure F.18. I404_1500_2 Im
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Figure F.19. I404_2000_1 Im
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Figure F.20. I404_2000_2 Im
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Figure F.21. I404_2500_1 Im
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Figure F.22. I404_2500_2 Im
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Figure F.23. I404_3000_1 Im
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 Line A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20
1 -313 -934 -411 -498 -94 17 68 26 26 25  
2 -1406 -348 13 -104 744 78 -400 -175 121 -12  
3 -6640 -1025 -492 240 1097 5 -385 136 -79 -18  
4 1898 115 -782 -506 -163 -279 -45 78 74 61  
5 3083 548 389 -358 -202 -225 -224 -84 -166 49  
6 -1887 -106 -678 -71 -427 20 -155 -26 -209 -36  
7 1274 601 -168 -20 -380 -107 -95 -52 -25 93  
8 -535 -156 211 19 531 -49 -228 7 -67 -52  
9 6 66 365 -14 646 13 -139 -65 -27 -97  
 
10 -1506 101 -259 150 365 85 -161 78 -60 -39  
1 -1441 -604 -400 128 -156 43 -65 -5 -23 -32  
2 -3805 206 -530 -268 246 -175 0 45 -12 2  
3 -1299 769 200 152 521 202 -444 -277 -19 -25  
4 5433 -556 1361 -468 693 -578 173 -7 298 -67  
5 1560 506 454 -67 15 54 36 94 14 130  
6 792 313 131 -125 -126 84 6 39 2 82  
7 324 567 -265 252 -262 284 -95 52 -90 87  
8 -1228 875 171 35 447 305 109 106 44 220  
9 -4369 322 -723 109 -33 57 -270 -25 -75 20  
 
10 -2223 553 -624 224 57 248 -354 117 -25 44  
1 3616 -2461 1549 1611 1021 767 983 312 578 266 438 402 314 -78 92  19  
2 -586 4226 588 -1054 1601 122 -243 19 507 17 355 -26 105 49 161  -7  
3 -3309 -2593 -264 257 505 -25 -407 203 183 72 109 68 -9 8 -31  5  
4 -177 1668 -658 -816 -550 -95 131 -83 -26 -6 -144 -121 61 55 14  53  
5 28 -220 -42 -157 -200 -178 190 78 61 -108 -167 -39 325 5 51  -44  
6 744 -294 15 -10 -402 -57 173 4 -31 40 -192 51 162 9 15  69  
7 247 -181 -168 -100 -280 -341 5 23 -12 -64 -193 -19 83 7 25  42  
8 -396 19 -256 -291 365 149 -396 -90 138 -19 43 -104 -37 74 -51  -85  
9 -1391 672 101 -106 448 53 -389 -52 -64 13 87 22 -181 -53 35  -20  
 
10 -642 198 -10 -409 94 -21 -194 -62 -5 -131 104 -16 -57 -102 -13  16  
1 1928 -724 1773 1130 1367 306 975 401 755 146 568 219 435 -16 245  -27  
2 -3395 -2287 -2143 -320 3259 1736 264 -103 -607 -473 115 195 -104 -11 -87  -14  
3 1162 -2967 1052 446 1578 45 175 -8 700 -44 647 179 151 -267 46  -51  
4 -1450 2511 -481 -749 -387 -36 -80 -155 14 -13 -91 21 157 65 22  6  
5 -1727 -148 -418 -220 -249 54 -161 -96 32 -14 -134 -11 101 -59 92  -2  
6 -1198 616 -140 -269 -88 17 -196 -52 -93 -40 -96 -17 62 -1 93  48  
7 131 24 -232 -491 -150 -279 -118 -108 108 -111 -9 -151 38 -61 -45  -93  
8 -2668 196 -699 266 394 696 -124 -34 -105 -86 112 103 27 124 22  36  
9 -260 448 -77 -120 376 -115 -595 -198 210 27 171 -99 -133 -54 26  -47  
 
10 624 535 -307 208 24 105 -296 84 -2 74 3 149 -102 -33 11  124  
I304_500_1 
Table F.1. Fourier Coefficients Ak (in 10-4 mm) 
for the Imperfections of the 304 I- 
Specimens (continued on next pages) 
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Appendix F                                                                I-Section Imperfection Data 
 
 F-29
 
   A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20 A21 A22 A23 A24 A25
1 -285 -2719 1610 1256 -318 -920 335 28 361 139 -299 57 -36 53 185 -48 -4 -98 34 -53 -48 3 
2 -17730 243 59 -477 981 216 1291 -140 1081
-220 641 -267 -149 -163 330 -12 263 -217 167 43 -114 128 
3 -4838 -1276 1410 1002 -325 -957 -229 381 -302 55 225 60 -262 -78 97 143 -97 -15 -56 -10 -32 -66 
4 328 4513 1508 -747 -212 83 41 265 87 141 -325 -22 79 118 75 42 -128 -35 32 22 32 16 
5 -2717 145 -140 172 -366 -117 149 245 88 -11 -31 -66 -45 94 159 77 -69 23 27 132 126 85 
6 -3570 154 -697 -460 -933 -426 -341 107 -19 -113 -372 -313 -157 -13 83 -59 -161 -173 -52 -26 18 4 
7 -3509 2068 -976 367 -845 259 -240 213 -145 180 -237 93 -118 24 -23 67 -128 79 -105 4 -28 89 
8 -3357 865 -532 820 -164 491 -253 286 -81 160 -160 157 -74 136 16 74 71 174 -98 50 3 9 
9 -3372 854 -347 307 -159 139 -561 139 132 97 -342 -122 -18 124 -28 -13 144 3 -182 -62 34 25 
 
10 -1947 1473 -362 274 -183 169 -211 268 -2 73 -163 56 -127 58 23 -61 87 43 -85 -51 52 24 
1 -1974 -2149 686 1174 -102 -609 -129 -125 -53 125 -183 -76 162 -30 115 62 -38 -50 73 -6 -13 -5 
2 4455 2295 2141 -2438 1716 -381 197 -769 645 -366 434 -213 113 -157 356 -231 330 -352 347 -218 93 -91 
3 -2533 -1885 467 750 301 -565 -645 -39 -47 115 27 32 -117 -43 -14 79 1 36 -151 -35 -40 -15 
4 1873 2924 1419 -836 16 136 -90 -114 -39 66 -86 -15 147 125 23 3 -52 -55 22 53 -44 1 
5 -3148 629 -1096 -68 -364 -5 212 -217 -13 -162 -116 -131 40 62 -144 20 -174 81 70 90 -49 -73 
6 -2235 530 -1179 300 -421 -57 294 -209 -81 82 -104 -9 46 -84 -127 196 -128 81 32 -129 20 197 
7 -1478 844 -929 390 -497 86 197 -232 104 54 -113 -79 151 -114 -65 106 -109 -32 113 -23 -66 102 
8 -2851 729 -377 290 -23 422 -131 164 -51 141 -40 25 -201 189 -127 32 143 2 -140 94 -58 -63 
9 -1340 617 311 -59 240 388 -102 156 182 -51 -28 51 -148 105 46 -63 31 -5 -128 24 -22 -30 
 
10 -1790 830 -119 340 34 471 -179 151 0 181 -5 160 -174 44 42 26 43 86 -100 18 -56 41 
1 -3458 -1853 2031 872 610 -9 -56 248 645 -112 -73 40 -141 -98 -238 -10 100 27 -90 50 -71 -36 -71 -24 83 
2 -4963 2986 2035 -1054 1141 908 958 -299 -335 148 -11 -136 -55 -8 320 43 -150 -2 -72 18 -6 56 116 38 -30 
3 -3009 -2948 1802 928 911 -397 1045 309 -236 -32 -124 151 -69 -45 137 -108 -165 -39 -98 -28 18 -46 106 -12 -31 
4 -2354 3521 2724 -2202 63 625 -141 -449 607 123 99 209 -204 -47 -172 -112 254 68 47 50 37 17 -65 14 107 
5 -1603 -952 -844 -224 -491 -235 -486 -286 224 -217 4 -127 80 -192 -13 -213 99 -16 21 -38 58 -86 -88 18 75 
6 -2028 8 -859 229 -715 -110 -830 -4 229 -20 230 71 40 -114 -131 -20 129 -67 28 21 -49 -18 -190 5 8 
7 -3713 293 -997 9 -603 -325 -597 -166 86 25 41 39 103 -78 -71 -65 42 -103 152 -62 -5 -10 -27 -49 4 
8 -1031 80 -694 60 -39 -45 -25 -83 14 -32 -22 -35 27 -148 79 -5 -23 -71 36 24 112 2 116 34 -4 
9 -3853 304 -1024 -33 -194 -169 302 -229 -312 -107 -106 -103 -3 -35 187 -44 -139 -130 13 -8 12 -25 138 -83 -91 
 
10 -3598 480 -572 -44 -488 -361 -44 119 -258 105 -85 -155 85 16 44 -45 -50 -172 -22 23 140 -74 48 28 47 
1 -3795 -1708 1845 283 135 -914 -197 409 659 -192 241 47 -311 21 -224 -143 74 33 -22 -138 -93 -9 -188 -16 134 
2 -3994 2602 1461 -1461 208 379 1359 -106 -555 233 120 21 -102 233 338 54 -275 -58 -97 -22 1 21 122 74 -98 
3 -2451 -1477 2488 1421 337 -488 1053 662 46 -85 -44 251 -184 284 71 205 -201 -76 37 -187 128 -150 150 -15 -120 
4 -4747 3160 895 -1876 -167 69 -903 -318 694 401 -162 190 -235 271 -356 -9 204 39 2 10 -29 54 -126 34 -37 
5 327 388 71 -167 -386 -121 -399 -285 148 -114 10 -70 5 -35 -37 -59 86 11 -90 -25 65 22 -53 -60 -50 
6 -2113 57 -1381 -115 -777 -270 -990 -149 -46 -2 -171 4 -136 -67 -441 -10 -58 4 -211 -35 -130 16 -272 31 -27 
7 -1194 -144 -1092 83 -397 -291 -562 -219 -17 -181 52 -53 153 -75 -87 -56 138 -15 -19 -81 1 -14 -123 -4 50 
8 -4843 584 -269 -110 -195 -194 -91 -357 -163 -42 75 -163 62 -95 101 -57 -109 -38 43 -6 56 -4 79 -26 -66 
9 -5447 139 -29 50 -256 40 580 -200 -467 -46 72 -76 73 -80 272 104 -371 38 -86 7 -13 22 114 -2 -92 
 
10 -5185 -62 -701 154 -235 -147 17 1 -76 44 50 28 137 -2 208 5 -67 -70 -30 17 47 -4 6 80 -99 
I304_1500_
I304_1500_2 
I304_2000_1 
I304_2000_2 
 
Appendix F                                                                I-Section Imperfection Data 
 
 F-30
 
 Line A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20
1 -6014 -3791 2659 1669 317 -343 157 727 -327 -297 158 117 186 -17 3 185 -86 -125 -256 2 
2 -8122 3642 1366 -650 1043 1279 552 -549 877 109 -694 -288 183 -239 173 -189 50 -31 260 -105 
3 -703 -3901 3051 1880 774 45 804 688 940 -414 -395 162 133 -288 102 216 147 -112 167 -102 
4 -8737 3953 708 -54 -44 997 114 -734 -78 -148 29 -504 -7 68 -24 -4 -112 -124 -66 -150 
5 3764 516 -32 464 -69 399 -316 -56 -490 71 -12 82 -65 -1 -23 47 -26 -17 -63 -5 
6 1403 102 -895 947 -198 218 -661 -98 -900 -81 -86 -72 -96 16 -114 -111 -155 -162 -241 -127 
7 94 863 -1556 1759 -119 467 -327 295 -605 -14 -64 34 -70 -62 -159 126 23 -51 -202 -34 
8 -8276 1280 157 215 185 617 -67 -42 -105 66 -264 3 -35 129 -46 -74 -54 68 107 -7 
9 -10106 656 310 539 810 671 439 4 232 -111 -459 -141 -82 -132 157 -9 161 1 303 43 
 
10 -11956 1476 -906 1412 320 507 131 388 -135 -195 -334 35 -136 -138 -58 118 89 -6 99 58 
1 2642 -5135 1914 1434 613 -145 446 1239 -61 -175 323 142 403 -129 47 -47 -42 -76 -159 44 
2 -10954 3544 1648 -631 892 449 950 -1119 1300 -344 -514 -598 268 -228 80 -134 -22 -158 459 -306 
3 632 -4013 2035 1451 368 -338 586 760 794 -435 -591 36 -32 15 58 -42 214 -48 267 26 
4 -16115 3009 1734 -510 1058 374 97 -589 -594 103 -14 -354 343 -170 405 -423 105 -92 -314 -16 
5 12725 1562 13 989 225 811 -178 270 -558 239 3 287 -86 179 75 78 92 119 -145 105 
6 10515 1252 439 1692 675 443 -15 313 -460 -71 140 66 -33 265 -7 -52 38 29 -154 -128 
7 2966 1660 -323 1739 318 440 -76 259 -441 -215 -8 -181 -118 -197 -9 -14 81 -37 -58 7 
8 -9136 -855 -414 -165 -44 342 2 -339 5 -178 -230 -170 20 -124 -146 -25 83 -115 17 -153 
9 -16810 -31 -1047 974 9 209 194 -48 75 -309 -460 -165 -208 -103 -145 -28 150 -181 264 -29 
 
10 -19622 -353 -1261 1395 -100 -35 119 192 -43 -452 -346 -283 -151 -171 -142 -14 131 -143 74 -45 
1 -895 -1729 4361 744 1862 -555 1414 529 628 -353 -496 173 730 -124 168 163 470 110 308 244 
2 -2700 -1281 3905 -1946 2389 35 1172 -1592 742 -476 663 -103 -352 121 -33 16 389 77 288 -331 
3 -3396 -1871 2840 328 1149 -436 647 586 514 -134 265 311 -576 -83 -115 15 115 12 167 89 
4 1648 -1695 4166 -1925 1646 -204 1012 -1241 160 -138 -884 -41 394 361 -121 203 157 62 177 -107 
5 -2701 2131 -145 175 -362 208 -142 223 88 444 -6 -254 226 -12 -46 -111 110 50 -28 57 
6 -3052 617 164 1459 -308 -67 -269 138 138 505 -194 -168 343 -157 -91 -142 -54 -85 -19 47 
7 -354 -527 297 2319 111 -138 -159 154 233 320 106 6 113 17 -46 -172 40 -20 72 106 
8 -4501 3578 582 -253 -362 101 -229 -149 228 283 267 -287 -195 31 -88 -143 47 69 35 -13 
9 -3554 2355 1471 316 335 -323 -76 -347 579 12 800 -243 -458 -70 -117 -175 58 23 21 -74 
 
10 -2284 1405 1108 1863 115 -247 -259 -29 298 167 294 -77 -119 -118 -55 -106 41 -37 63 29 
1 -4276 -1711 2973 1378 1139 -323 474 595 -283 -475 -744 503 68 110 71 135 165 25 -55 34 
2 1249 1283 6561 -1068 1507 257 1617 -674 147 605 566 158 -650 439 197 161 289 232 30 133 
3 -4303 -2291 2485 1194 2315 -272 933 367 953 -562 339 65 -220 -27 -375 70 129 211 12 77 
4 -1831 2211 3615 -1392 1702 534 1097 -939 107 -56 -589 460 467 350 229 215 168 197 55 -121 
5 -2510 -353 -130 -727 186 -2 -508 -343 15 -22 -14 -262 29 -103 0 -194 -50 -152 -20 34 
6 -3104 -274 241 261 147 -364 -335 -370 -99 28 54 -171 129 29 167 -297 -85 -102 41 64 
7 -2624 59 72 1357 -276 -367 -275 -214 7 -34 88 -26 243 21 106 -227 -55 -238 16 57 
8 -1432 2173 572 -220 521 -181 -233 -226 246 155 414 -244 -68 -241 -41 -113 -95 -65 129 -56 
9 -1075 3004 1665 1407 702 -118 94 160 668 387 903 14 -92 -78 -28 121 -6 16 195 177 
 
10 -2252 2458 1103 2132 103 -241 -108 -45 352 168 372 5 8 1 14 -64 9 -31 42 54 
 
C
ontinued on next page. 
I304_2500_1 
I304_2500_2 
I304_3000_1 
I304_3000_2 
 
Appendix F                                                                I-Section Imperfection Data 
 
 F-31
 
 Lin A21 A22 A23 A24 A25 A26 A27 A28 A29 A30 
1 233 -149 -2 12 75 -70 -8 10 -88 3 
2 -208 56 -28 -40 73 9 13 -39 135 27 
3 -81 -60 54 -29 112 -27 43 -43 27 -40 
4 130 -32 175 86 -95 -30 -96 23 -94 32 
5 58 128 82 85 75 85 52 -2 15 45 
6 32 30 -11 37 -8 -36 -39 -24 -85 -29 
7 127 3 -1 9 74 -39 17 27 -108 15 
8 -168 67 -32 47 62 79 -84 -79 19 13 
9 -127 18 -46 -98 114 -35 32 24 181 -15 
 
10 -14 34 21 3 -14 -91 -35 75 118 89 
1 161 -111 75 53 98 -145 -23 -45 -45 -28 
2 -132 51 36 -177 138 92 -87 -11 162 -53 
3 -135 -125 -14 -46 21 -112 81 12 140 -69 
4 -33 120 51 103 143 -14 176 123 -335 -147 
5 19 164 103 218 97 110 151 89 -14 85 
6 122 43 38 69 79 89 -71 85 -76 -13 
7 128 -88 70 -75 83 -170 31 -20 -35 19 
8 -88 -9 -53 41 19 -71 -15 -113 64 16 
9 -215 -26 -14 35 -23 37 13 -134 162 32 
 
10 0 -119 -42 5 -75 -110 -66 43 107 -12 
1 234 69 -116 10 304 -76 90 76 129 29 
2 283 -127 360 -172 -89 15 -21 -141 134 -39 
3 100 84 288 57 -168 16 0 64 12 62 
4 -23 -184 -238 -125 130 48 30 0 -32 -33 
5 12 20 -24 -79 89 33 -34 27 53 23 
6 3 125 -223 -94 122 -70 -48 74 96 41 
7 15 91 -150 1 34 -49 -16 103 42 -25 
8 79 13 39 -18 -123 32 -19 46 -37 50 
9 140 -38 161 -67 -305 70 -76 50 -38 30 
 
10 70 30 70 9 -179 -63 -27 69 -57 -10 
1 -84 54 -120 82 86 -11 86 10 26 7 
2 149 109 323 -15 -220 40 15 96 -36 53 
3 225 97 230 -75 -70 133 -105 -15 -27 112 
4 -32 26 -140 6 224 6 146 -40 106 17 
5 -22 -45 -129 -3 11 -68 -40 -64 -3 1 
6 -9 43 -78 -4 22 -66 22 26 49 36 
7 122 -62 -89 -80 44 -75 79 -2 84 -76 
8 136 -89 154 39 -193 -93 0 74 -13 -45 
9 315 114 241 116 -144 15 -102 74 50 56 
 
10 
 
93 42 128 61 -2 95 -159 17 -3 -28 
I304_3000_2 
I304_3000_1 
I304_2500_2 
I304_2500_1 
C
ontinued from
 previous page. 
 
Appendix F                                                                I-Section Imperfection Data 
 
 F-32
 
 Line A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20
1 4975 -178 82 386 -276 -23 79 -21 23 15  
2 2654 -1357 -461 -20 19 -32 69 -10 24 33  
3 2758 461 -339 195 -33 30 -17 5 -35 3  
4 3726 -465 -610 -357 -280 74 -33 5 -81 -23  
5 751 53 316 55 -87 105 42 53 -7 18  
6 1898 -381 785 7 139 247 96 198 98 0  
7 538 -199 390 182 -52 102 108 47 102 41  
8 -858 -508 -187 86 -142 -12 -146 -94 -101 99  
9 -1733 183 -258 -127 -364 -23 -127 34 -146 1  
 
10 -508 -268 -28 -89 -67 44 -32 -16 12 28  
1 4909 -654 -360 57 -385 86 1 -61 -4 -43  
2 2556 -1648 -84 -25 227 290 -313 31 18 70  
3 5224 520 -746 298 503 -27 -117 34 9 -26  
4 3671 -932 -850 -94 0 45 -36 106 -23 52  
5 187 -263 -33 -16 -123 -68 -31 -3 -12 -34  
6 -1138 -728 -88 396 -230 67 89 -96 31 57  
7 -441 -94 220 33 -122 146 53 81 83 -16  
8 -108 -394 -97 13 -103 49 -73 -4 -30 -8  
9 787 -832 65 147 -469 30 4 -74 -42 116  
 
10 -763 -425 88 115 19 178 32 -37 -49 61  
1 3151 -171 561 -926 -196 -149 217 54 4 -20 -162 -39 51 26 -55 -31 
2 1370 -105 -287 -295 -41 41 180 -52 42 50 -65 -67 122 33 -50 19 
3 -1174 94 -437 231 -313 52 118 -11 -155 -27 -103 86 -7 -9 -53 -17 
4 3255 376 455 5 33 326 363 21 1 41 -18 36 126 57 -16 11 
5 1470 518 380 -178 138 79 -17 80 14 -34 0 55 49 10 44 9 
6 2975 -352 388 -214 200 -29 -81 -118 -123 -19 6 29 7 -54 -5 4 
7 694 -389 12 -259 -80 -91 -67 -39 -64 -2 -75 -58 8 14 -23 13 
8 405 556 -4 -244 -10 117 16 -12 -5 -1 15 12 20 10 15 -32 
9 1082 294 -149 171 -53 276 13 -193 -172 147 -8 66 -13 -3 -54 30 
 
10 261 -156 -263 25 -72 145 34 -118 -93 100 -82 15 -19 31 -25 32 
1 -172 548 -286 -149 -672 160 528 117 44 -96 -89 -21 64 50 17 -25 
2 3182 -1598 221 518 470 156 -84 -291 -85 248 30 -66 39 -16 -5 70 
3 1805 -95 553 2 154 -69 -77 62 45 -24 -39 0 3 20 -54 -44 
4 1561 -850 390 56 -229 45 125 87 57 129 -69 -20 46 81 -64 -5 
5 -822 -99 135 -308 -5 59 106 -77 -27 -38 15 -12 12 -2 -19 3 
6 811 -1028 -183 -602 -590 73 255 -322 -117 -72 -169 -6 146 -118 -1 -50 
7 2087 -116 202 -166 -164 32 228 -20 2 -12 -76 9 60 59 6 -9 
8 1636 563 337 142 156 279 86 -73 26 170 126 125 -22 -2 6 129 
9 3549 24 401 495 -53 412 -152 -115 -213 314 -2 136 -123 -35 -101 133 
 
10 1016 -30 332 -52 61 108 -13 -44 11 14 56 8 -20 61 -21 16 
I404_500_1 
I404_500_2 
Table F.2. Fourier Coefficients Ak (in 10-4 mm) 
for the Imperfections of the 404 I- 
Specimens (continued on next pages) 
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Appendix F                                                                I-Section Imperfection Data 
 
 F-33
 
  A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20 A21 A22 A23 A24 A25
1 -8579 -317 505 433 502 -274 722 -203 311 151 -53 -99 210 -51 86 5 -32 -14 74 -32 7 -19 
2 4476 -890 1621 85 1551 -562 343 -90 251 270 255 -184 -29 -9 -3 139 107 -25 -62 -31 -29 37 
3 -4236 -708 2509 -81 1247 -472 12 316 167 -304 54 -286 -118 90 -9 -96 15 -124 -67 30 22 -53 
4 -1467 714 551 358 301 316 90 521 287 205 -84 -107 164 -66 217 -211 225 -85 220 -36 -21 -115 
5 -2139 640 505 -79 180 -204 -86 10 -39 -23 -62 -79 113 18 72 -7 -88 -73 79 40 24 -18 
6 -2936 -394 -462 191 -402 -607 -628 -195 -361 -20 -256 -313 -67 -31 -46 43 -112 -189 -66 -32 -16 41 
7 3393 -343 454 484 -34 -278 -101 -22 -105 117 -96 -39 73 46 -24 46 -68 -11 8 8 -3 23 
8 527 263 873 1 498 -242 27 -138 29 209 78 -19 16 -21 24 32 29 -29 -7 8 -7 20 
9 8162 656 1870 235 964 -580 76 -14 106 284 160 -144 8 89 28 80 66 -137 -79 65 8 77 
 
10 8178 921 705 247 190 -396 -91 105 -36 116 -4 -20 -18 139 -3 -6 -15 -11 -42 32 7 49 
1 -77 -31 1989 -939 1390 12 188 -340 127 -153 -15 -65 104 -24 -17 4 -66 -8 69 -34 -32 23 
2 2258 -724 1582 -504 1401 -221 -587 -110 -19 69 182 34 -49 -16 -43 110 76 34 58 -58 -11 45 
3 -2310 -1819 2078 -713 1481 138 131 -282 170 -353 -15 -55 4 -70 11 -125 -112 -32 -7 -28 -14 -28 
4 -4118 2260 1349 457 787 692 167 205 535 -160 60 23 -1 19 201 -48 -72 -30 90 8 39 -9 
5 4447 1094 1198 -58 421 212 -42 66 -9 -47 21 12 62 1 102 16 -8 -3 52 45 54 -59 
6 814 1811 384 -56 317 256 -953 290 -101 -212 -27 45 -310 68 108 -88 60 3 -123 63 -4 -29 
7 2277 -300 467 71 428 -151 -197 -53 -30 -100 -49 -70 3 -55 17 61 -37 -42 36 -7 13 -7 
8 3805 80 970 -132 642 135 -194 -133 -13 53 78 -7 -26 -39 16 19 16 15 24 -33 -23 -29 
9 9450 -828 1538 -523 1270 -69 -542 -127 -168 -216 249 102 -164 7 17 -48 68 18 -103 -19 -43 -63 
 
10 9332 -15 465 107 455 -127 -154 -36 -70 -76 -68 -38 -55 22 24 12 -69 -3 11 15 -20 -43 
1 3248 -1564 3884 -1016 904 -124 98 -128 376 342 139 234 109 133 -156 110 19 16 -181 73 -126 -71 -231 25 -63 
2 -4397 -2469 2658 -141 1660 52 425 619 -47 223 -159 295 274 223 151 114 -90 49 -115 105 -3 94 30 47 -33 
3 -3019 795 2101 52 1530 283 450 296 61 252 55 191 264 89 28 -89 -174 -119 -115 -8 101 126 95 47 18 
4 -658 1638 4275 1336 1148 120 617 689 242 -404 202 -41 206 -77 -96 88 126 79 -164 24 -53 60 -153 -123 74 
5 -2262 -109 -174 -169 -31 247 202 132 119 -35 15 -1 62 26 45 -5 80 -72 43 -11 43 -66 -22 5 57 
6 -5749 -325 -470 19 -286 -20 86 201 -129 -135 -96 79 -86 30 71 60 60 -89 108 -16 -39 -132 -10 29 62 
7 -7106 -1331 -544 165 86 16 233 363 186 55 44 112 52 79 12 65 72 30 46 52 46 27 -33 -9 52 
8 1156 392 -64 -158 183 310 390 191 34 79 -64 96 167 50 82 -15 -48 -61 -86 24 45 -1 -16 24 29 
9 -1623 -312 -627 -259 154 153 392 212 -105 132 -49 164 250 77 -40 -163 -338 -147 -178 35 105 131 89 87 -57 
 
10 -4104 -972 -524 4 180 59 321 345 -21 89 -92 124 58 50 49 -3 -86 4 -38 49 20 76 7 33 -31 
1 -4969 1685 1525 148 320 -262 -5 600 501 305 199 31 -166 121 -142 -28 14 -158 -8 -158 -36 92 74 89 82 
2 -5476 -2588 923 -754 816 -194 596 235 -239 2 -331 -9 -71 194 320 161 34 83 -14 -38 -26 80 118 110 -39 
3 -2769 2509 1886 399 852 54 -2 -12 14 -212 23 -29 -14 -14 132 32 -75 -80 42 -58 26 -84 51 -52 23 
4 -3687 -1918 1623 -490 2 56 -328 439 -30 197 193 208 -27 200 -16 113 5 12 67 131 45 119 -4 67 48 
5 -1543 1416 321 -12 -68 338 345 333 92 100 72 52 123 40 27 -21 30 -67 -29 6 25 -10 -20 36 56 
6 -3574 786 -574 -224 -550 61 507 581 76 291 115 25 32 20 -35 -104 -171 -135 -134 -33 64 139 141 101 27 
7 -4698 -597 -525 -66 -127 -19 289 460 135 153 71 62 52 72 2 11 54 29 -22 0 -13 34 -39 42 41 
8 -667 486 469 -95 102 299 542 265 -122 -27 -2 -3 27 -31 139 27 -19 -56 8 -4 -24 -28 83 75 -29 
9 -2381 -1204 -407 -178 279 219 635 320 -266 -207 -319 -48 62 48 70 141 -35 -61 -190 20 -17 -2 18 56 -11 
 
10 -5396 -1947 -943 129 43 79 379 363 -155 -9 -75 49 18 66 -20 24 -90 36 -72 45 -8 35 -17 46 -30 
I404_1500_1 
I404_1500_2 
I404_2000_1 
I404_2000_2 
 
Appendix F                                                                I-Section Imperfection Data 
 
 F-34
 
 Line A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20
1 -2011 1683 3201 1332 604 -44 -192 -167 -235 -6 199 -104 131 12 -22 -26 -58 -46 -183 -11 
2 -3846 1437 2162 757 149 -206 -23 17 134 14 -223 -237 79 45 -11 -262 -44 -5 56 -77 
3 -2229 -821 3127 1071 1018 -136 187 -232 408 35 10 -10 65 75 -112 -73 -44 -98 201 22 
4 -10497 2254 3005 809 382 487 -470 -126 -73 261 27 24 -21 -262 -71 -152 -127 -103 -53 55 
5 -913 921 206 834 -13 153 -171 -331 -288 141 10 -25 1 -17 34 -6 -86 -31 -2 82 
6 -1453 -46 516 683 129 118 -151 -469 -82 219 -268 105 -85 -85 -21 -25 -139 -152 103 140 
7 -2272 -1413 870 560 134 61 -108 -95 -396 74 -12 57 -1 21 60 11 -71 -14 -76 84 
8 -3724 -137 524 828 -66 148 -108 -310 -187 45 -47 -41 -35 88 26 -30 -54 30 71 17 
9 -5739 773 641 920 -76 -62 5 -447 -201 169 -284 141 -212 200 -116 -33 -39 -36 113 125 
 
10 -5329 1448 880 923 81 124 -49 -84 -243 134 -33 133 -11 137 -26 13 -56 14 100 124 
1 -4822 -1038 2795 -28 385 37 361 -91 -234 -166 401 95 103 -119 -45 131 26 -20 -58 -1 
2 -4593 1190 2296 674 167 290 -811 47 447 -195 -397 -292 107 -162 -99 -100 -127 18 212 -20 
3 -7420 -450 3024 88 -85 656 -84 563 219 8 58 -74 117 -266 95 161 -16 -33 56 101 
4 -9 1442 2953 386 426 -14 -201 -276 -382 -170 115 -11 71 -357 -16 -188 35 -51 -167 -17 
5 -7657 1180 504 153 259 212 -166 -326 -228 138 68 -4 -40 -29 56 -33 9 55 -25 69 
6 -2889 45 1359 -36 794 -207 308 -530 -112 78 104 58 -150 -106 52 -141 137 -8 -29 78 
7 -2045 361 682 542 191 -62 -190 -189 -229 73 90 68 -93 -8 15 28 12 53 3 49 
8 -7196 744 228 627 183 393 -321 -226 -69 139 -71 -37 -44 43 47 -12 -100 54 144 52 
9 -6317 805 -218 1001 58 351 -642 74 4 263 -457 -63 -77 95 -33 -2 -139 147 124 139 
 
10 -1723 471 54 779 160 89 -405 -76 -189 68 -134 56 -47 15 6 3 -66 63 56 76 
1 -324 1517 1498 779 -644 -36 -103 -30 578 45 -205 -213 163 -388 -216 -41 173 11 -209 75 
2 -1511 2640 4512 1033 -47 -1000 550 -68 869 331 98 7 -541 64 -184 -256 234 -35 90 -101 
3 -2691 1658 1817 144 -525 311 -619 384 333 16 100 -88 -637 111 -275 141 73 -17 35 -65 
4 -7887 -56 2624 -169 -1284 -961 -526 34 698 -229 -441 -212 -235 -44 -245 126 128 151 -24 -174 
5 -1293 1857 -233 187 -138 -182 -209 -69 256 4 -331 -195 80 -117 -78 -48 28 17 -21 -66 
6 -3102 726 57 480 130 -502 -287 -297 529 -162 -198 -418 248 -146 -212 -131 88 156 -98 -124 
7 -5264 1388 498 1275 -349 -188 -176 320 328 68 -360 -133 138 -78 -119 -25 100 113 -30 -97 
8 -4195 1808 171 385 -45 -147 -70 148 163 199 -141 -75 -149 23 -77 -48 51 14 -71 0 
9 -6609 2385 789 636 133 -101 -239 473 201 378 -181 -4 -363 184 -180 -133 -24 20 -160 -73 
 
10 -8745 1746 1275 1127 -288 -49 -16 490 208 96 -117 -51 -220 -39 -103 -24 37 22 -45 -52 
1 -13579 970 3098 791 -1485 -217 -189 -169 256 27 -778 -3 -21 -298 -102 -78 73 -139 87 -56 
2 4411 1256 3184 1930 -851 -464 -242 -354 600 377 -288 -194 -438 -271 -280 -65 194 1 33 -43 
3 -11907 4144 3326 514 -1001 977 10 398 427 -452 -143 -120 -373 -80 -194 265 85 76 -7 19 
4 2546 2739 3374 978 -429 -422 350 516 947 120 -314 333 134 145 24 333 100 242 104 -87 
5 -1233 912 1104 869 -577 -50 154 -59 311 78 -266 -106 139 -67 -12 -46 17 38 43 -26 
6 4613 -1495 461 451 -786 -631 272 -275 242 -265 -248 -287 59 -274 -87 -172 -77 -29 56 -71 
7 9779 -1010 337 974 -304 -299 70 357 314 23 -305 -151 124 -150 -36 -5 71 -8 50 -26 
8 -19136 3115 284 1023 -545 -25 -38 137 165 214 -188 -36 -99 -16 -49 6 40 21 -57 89 
9 -14733 3617 604 1829 -664 320 211 384 260 308 -175 94 -39 95 -53 -21 -18 115 -132 98 
 
10 -8410 1190 -62 1455 -674 52 -27 459 194 34 -270 -63 -103 -20 -55 -21 2 75 -52 -1 
 
C
ontinued on next page.
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 F-35
 
 Lin A21 A22 A23 A24 A25 A26 A27 A28 A29 A30 
1 85 -83 22 39 6 -53 -25 -31 -84 -8 
2 -93 -9 3 77 -1 -32 6 17 39 -5 
3 35 -70 67 22 -97 -69 -12 -37 34 39 
4 100 38 36 -11 -22 -51 -47 -52 -38 53 
5 124 -16 47 -17 -32 -51 -28 -14 -27 22 
6 52 16 39 -106 -25 -61 -62 -96 4 69 
7 126 40 67 -8 -6 -17 6 -25 -77 25 
8 -7 11 7 21 -5 -67 -12 21 45 -40 
9 -47 102 -51 56 -42 -56 -30 -23 26 46 
 
10 70 87 9 45 -37 -20 -17 -1 35 51 
1 108 -35 0 1 -79 -8 -6 5 -43 -6 
2 -142 -65 21 -24 -69 63 -41 62 88 40 
3 -77 -77 -17 -17 44 -34 -54 12 59 27 
4 61 105 -33 -82 36 -35 -36 -1 -80 16 
5 75 28 1 -33 -19 -42 -14 -1 -56 9 
6 92 66 -35 -61 -10 -62 22 -19 -83 30 
7 134 42 -6 -19 -43 29 -16 15 -42 6 
8 6 5 11 -8 -35 -15 -33 5 28 7 
9 -63 13 -42 -31 -25 -4 -69 9 16 77 
 
10 34 62 -12 -72 -15 10 -14 -17 -4 78 
1 -31 19 -127 10 180 -26 14 -76 135 -51 
2 112 -99 138 -44 -145 64 -22 -32 -36 1 
3 3 15 225 -28 -105 -4 51 -63 22 8 
4 -26 1 33 -68 92 11 79 -49 30 36 
5 -81 -7 12 -37 65 -35 34 -27 -16 -5 
6 -65 -8 70 -134 162 -97 88 -206 133 -29 
7 -53 2 -6 -79 95 4 50 -63 12 9 
8 21 1 60 -18 -13 49 -39 -25 4 -5 
9 62 35 72 -87 -89 122 -77 -70 -51 28 
 
10 -3 30 81 -1 -33 36 -15 -46 11 17 
1 -91 -37 -59 21 154 -62 -79 35 37 -42 
2 58 32 209 12 -35 5 -15 -25 56 -23 
3 27 -59 117 67 -105 -19 1 -11 -14 60 
4 39 -20 -10 123 139 66 43 -4 5 54 
5 36 -40 -18 17 84 13 33 -27 -33 19 
6 26 -204 7 -45 16 5 -11 -152 -33 -13 
7 9 -68 -9 -69 93 41 41 -39 8 -29 
8 -28 4 59 -30 -16 50 -32 22 6 -27 
9 -16 -37 82 28 -19 69 -32 -60 10 30 
 
10 
 
-11 -26 37 4 -3 37 -25 -49 -23 35 
I404_3000_2 
I404_3000_1 
I404_2500_2 
I404_2500_1 
C
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I-Section Column Test Data 
 
 
Appendix G contains the experimental data of all 24 I-column tests. For each test four 
graphs are presented, showing: 
a. The load vs. the axial shortening. 
b. The load vs. the lateral displacement. 
c. The load vs. the end rotations.   
d. The load vs. the local displacements. 
The locations of the LVDTs D1, D2, L1 and L2 are shown in Figures 4.17 and 4.21. The 
sign convention shown in Figure 4.28 has been used. The reader is referred to section 
4.5 of the main text for further details.  
The experimental data is graphically compared to the output of the finite element model 
described in Chapter 5. The finite element model is based on static material properties. 
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Figure G.1a. I304_500_1 : Axial Load vs. Axial Shortening 
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Figure G.1b. I304_500_1 : Axial Load vs. Lateral Displacement 
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Figure G.1c. I304_500_1 : Axial Load vs. End Rotations 
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Figure G.1d. I304_500_1 : Axial Load vs. Local Displacements 
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 Figure G.2a. I304_500_2 : Axial Load vs. Axial Shortening 
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Figure G.2b. I304_500_2 : Axial Load vs. Lateral Displacement 
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 Figure G.2c. I304_500_2 : Axial Load vs. End Rotations 
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Figure G.2d. I304_500_2 : Axial Load vs. Local Displacements  
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Figure G.3a. I304_1000_1 : Axial Load vs. Axial Shortening 
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Figure G.3b. I304_1000_1 : Axial Load vs. Lateral Displacement  
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Figure G.3c. I304_1000_1 : Axial Load vs. End Rotations 
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Figure G.3d. I304_1000_1 : Axial Load vs. Local Displacements  
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Figure G.4a. I304_1000_2 : Axial Load vs. Axial Shortening 
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Figure G.4b. I304_1000_2 : Axial Load vs. Lateral Displacement 
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 Figure G.4c. I304_1000_2 : Axial Load vs. End Rotations 
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Figure G.4d. I304_1000_2 : Axial Load vs. Local Displacements  
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Figure G.5a. I304_1500_1 : Axial Load vs. Axial Shortening 
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Figure G.5b. I304_1500_1 : Axial Load vs. Lateral Displacement 
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Figure G.5c. I304_1500_1 : Axial Load vs. End Rotations 
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Figure G.5d. I304_1500_1 : Axial Load vs. Local Displacements 
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Figure G.6a. I304_1500_2 : Axial Load vs. Axial Shortening 
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 Figure G.7a. I304_2000_1 : Axial Load vs. Axial Shortening 
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Figure G.7b. I304_2000_1 : Axial Load vs. Lateral Displacement  
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Figure G.7c. I304_2000_1 : Axial Load vs. End Rotations 
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Figure G.7d. I304_2000_1 : Axial Load vs. Local Displacements 
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Figure G.8a. I304_2000_2 : Axial Load vs. Axial Shortening 
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Figure G.8b. I304_2000_2 : Axial Load vs. Lateral Displacement 
 
Appendix G                                    I-Section Column Test Data 
 
 G-19
0
10
20
30
40
-0.01 0 0.01 0.02 0.03 0.04 0.05 0.06
Rotation (rad)
A
xi
al
 L
oa
d 
(k
N
)
Test: Top
Test: Bottom
FE: Top
FE: Bottom
 
Figure G.8c. I304_2000_2 : Axial Load vs. End Rotations 
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Figure G.8d. I304_2000_2 : Axial Load vs. Local Displacements 
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Figure G.9a. I304_2500_1 : Axial Load vs. Axial Shortening 
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Figure G.9b. I304_2500_1 : Axial Load vs. Lateral Displacement 
 
Appendix G                                    I-Section Column Test Data 
 
 G-21
0
10
20
30
0 0.01 0.02 0.03 0.04 0.05 0.06
Rotation (rad)
A
xi
al
 L
oa
d 
(k
N
)
Test: Top
Test: Bottom
FE: Top
FE: Bottom
 
Figure G.9c. I304_2500_1 : Axial Load vs. End Rotations 
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Figure G.9d. I304_2500_1 : Axial Load vs. Local Displacements 
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Figure G.10a. I304_2500_2 : Axial Load vs. Axial Shortening 
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Figure G.10b. I304_2500_2 : Axial Load vs. Lateral Displacement 
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Figure G.10c. I304_2500_2 : Axial Load vs. End Rotations 
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Figure G.10d. I304_2500_2 : Axial Load vs. Local Displacements 
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Figure G.11a. I304_3000_1 : Axial Load vs. Axial Shortening 
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Figure G.11b. I304_3000_1 : Axial Load vs. Lateral Displacement  
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Figure G.11c. I304_3000_1 : Axial Load vs. End Rotations 
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Figure G.11d. I304_3000_1 : Axial Load vs. Local Displacements  
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Figure G.12a. I304_3000_2 : Axial Load vs. Axial Shortening 
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Figure G.12b. I304_3000_2 : Axial Load vs. Lateral Displacement  
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Figure G.12c. I304_3000_2 : Axial Load vs. End Rotations 
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Figure G.12d. I304_3000_2 : Axial Load vs. Local Displacements  
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Figure G.13a. I404_500_1 : Axial Load vs. Axial Shortening 
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Figure G.13b. I404_500_1 : Axial Load vs. Lateral Displacement 
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 Figure G.13c. I404_500_1 : Axial Load vs. End Rotations 
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Figure G.13d. I404_500_1 : Axial Load vs. Local Displacements  
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 Figure G.14a. I404_500_2 : Axial Load vs. Axial Shortening 
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Figure G.14b. I404_500_2 : Axial Load vs. Lateral Displacement  
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 Figure G.14c. I404_500_2 : Axial Load vs. End Rotations 
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Figure G.14d. I404_500_2 : Axial Load vs. Local Displacements 
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 Figure G.15a. I404_1000_1 : Axial Load vs. Axial Shortening 
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Figure G.15b. I404_1000_1 : Axial Load vs. Lateral Displacement 
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 Figure G.15c. I404_1000_1 : Axial Load vs. End Rotations 
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Figure G.15d. I404_1000_1 : Axial Load vs. Local Displacements 
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 Figure G.16a. I404_1000_2 : Axial Load vs. Axial Shortening 
 
0
10
20
30
40
50
60
70
0 5 10 15 20 25
Lateral Displacement (mm)
A
xi
al
 L
oa
d 
(k
N
)
Test: LVDT D1
Test: LVDT D2
FE: LVDT D1
FE: LVDT D2
Figure G.16b. I404_1000_2 : Axial Load vs. Lateral Displacement 
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 Figure G.16c. I404_1000_2 : Axial Load vs. End Rotations 
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Figure G.16d. I404_1000_2 : Axial Load vs. Local Displacements  
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 Figure G.17a. I404_1500_1 : Axial Load vs. Axial Shortening 
 
0
10
20
30
40
50
0 5 10 15 20 25 30 35 40
Lateral Displacement (mm)
A
xi
al
 L
oa
d 
(k
N
)
Test: LVDT D1
Test: LVDT D2
FE: LVDT D1
FE: LVDT D2
Figure G.17b. I404_1500_1 : Axial Load vs. Lateral Displacement 
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Figure G.17c. I404_1500_1 : Axial Load vs. End Rotations 
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Figure G.17d. I404_1500_1 : Axial Load vs. Local Displacements 
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 Figure G.18a. I404_1500_2 : Axial Load vs. Axial Shortening 
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Figure G.18b. I404_1500_2 : Axial Load vs. Lateral Displacement  
 
Appendix G                                    I-Section Column Test Data 
 
 G-39
0
10
20
30
40
50
-0.01 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Rotation (rad)
A
xi
al
 L
oa
d 
(k
N
)
Test: Top
Test: Bottom
FE: Top
FE: Bottom
 Figure G.18c. I404_1500_2 : Axial Load vs. End Rotations 
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Figure G.18d. I404_1500_2 : Axial Load vs. Local Displacements  
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Figure G.19a. I404_2000_1 : Axial Load vs. Axial Shortening     
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Figure G.19b. I404_2000_1 : Axial Load vs. Lateral Displacement  
 
Appendix G                                    I-Section Column Test Data 
 
 G-41
0
10
20
30
40
50
-0.01 0 0.01 0.02 0.03 0.04 0.05 0.06
Rotation (rad)
A
xi
al
 L
oa
d 
(k
N
)
Test: Top
Test: Bottom
FE: Top
FE: Bottom
 Figure G.19c. I404_2000_1 : Axial Load vs. End Rotations 
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Figure G.19d. I404_2000_1 : Axial Load vs. Local Displacements 
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 Figure G.20a. I404_2000_2 : Axial Load vs. Axial Shortening 
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Figure G.20b. I404_2000_2 : Axial Load vs. Lateral Displacement 
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Figure G.20c. I404_2000_2 : Axial Load vs. End Rotations 
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Figure G.20d. I404_2000_2 : Axial Load vs. Local Displacements 
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Figure G.21a. I404_2500_1 : Axial Load vs. Axial Shortening 
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Figure G.21b. I404_2500_1 : Axial Load vs. Lateral Displacement 
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Figure G.21c. I404_2500_1 : Axial Load vs. End Rotations 
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Figure G.21d. I404_2500_1 : Axial Load vs. Local Displacements 
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Figure G.22a. I404_2500_2 : Axial Load vs. Axial Shortening 
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Figure G.22b. I404_2500_2 : Axial Load vs. Lateral Displacement  
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Figure G.22c. I404_2500_2 : Axial Load vs. End Rotations 
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Figure G.22d. I404_2500_2 : Axial Load vs. Local Displacements  
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Figure G.23a. I404_3000_1 : Axial Load vs. Axial Shortening 
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Figure G.23b. I404_3000_1 : Axial Load vs. Lateral Displacement 
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 Figure G.23c. I404_3000_1 : Axial Load vs. End Rotations 
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Figure G.23d. I404_3000_1 : Axial Load vs. Local Displacements 
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 Figure G.24a. I404_3000_2 : Axial Load vs. Axial Shortening 
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Figure G.24b. I404_3000_2 : Axial Load vs. Lateral Displacement 
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Figure G.24c. I404_3000_2 : Axial Load vs. End Rotations 
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Figure G.24d. I404_3000_2 : Axial Load vs. Local Displacements 
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Appendix H 
 
Convergence Study 
 
 
This appendix presents illustrations of the different mesh configurations used in the 
convergence study. The reader is referred to paragraph 5.2.6.2 of the main text. A 
picture of the deformed shape with the Von Mises surface stress contours is presented 
for each mesh. 
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Appendix I 
 
Summary of Numerical and 
Experimental Data 
 
 
Appendix I contains the results of the parametric studies on lipped channels, plain 
channels, RHS and back-to-back channels. The results obtained from the experimental 
programs described in Chapters 3 and 4, as well as experimental data available in 
literature on the interaction buckling of stainless steel SHS and RHS, are also included.  
All data are compared to the current Australian, European and North-American design 
guidelines for stainless steel. The data are presented in table format as well as in the 
form of capacity vs. length (or overall slenderness) curves. 
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Table I.1. Lipped Channels: 3Cr12 
Material Geometry Slenderness Pu 
Alloy σ0.2% n E0 Le d b c r t v0 ωd σcr λs λo Test AS(t) AS(d) EC 3 Specimen 
FE/  
Exp 
(1) - MPa - GP mm mm mm mm mm mm mm mm MPa - - kN kN kN kN 
C3Cr12_1.98_536 FE 3Cr12 328 7.5 208 536 125.32 45.20 22.66 4.14 1.98 0.36 281.0 1.08 0.39 123.20 111.32 105.27 100.55 
C3Cr12_1.98_758 FE 3Cr12 328 7.5 208 758 125.32 45.20 22.66 4.14 1.98 0.51 281.0 1.08 0.55 120.36 103.25 96.77 97.04 
C3Cr12_1.98_1056 FE 3Cr12 328 7.5 208 1056 125.32 45.20 22.66 4.14 1.98 0.70 281.0 1.08 0.76 112.24 93.49 87.03 86.78 
C3Cr12_1.98_1356 FE 3Cr12 328 7.5 208 1356 125.32 45.20 22.66 4.14 1.98 0.90 281.0 1.08 0.98 100.18 84.40 76.80 73.53 
C3Cr12_1.98_1656 FE 3Cr12 328 7.5 208 1656 125.32 45.20 22.66 4.14 1.98 1.10 281.0 1.08 1.19 81.66 74.76 66.27 61.14 
C3Cr12_1.98_1955 FE 3Cr12 328 7.5 208 1955 125.32 45.20 22.66 4.14 1.98 1.30 
(2) 
281.0 1.08 1.41 65.92 64.50 56.74 50.62 
C3Cr12_1.32_275 FE 3Cr12 328 7.5 208 275 125.32 35.00 22.66 4.14 1.32 0.18 0.63 127.0 1.61 0.25 60.04 57.03 57.03 47.12 
C3Cr12_1.32_550 FE 3Cr12 328 7.5 208 550 125.32 35.00 22.66 4.14 1.32 0.37 0.63 127.0 1.61 0.50 53.85 51.49 48.68 46.96 
C3Cr12_1.32_825 FE 3Cr12 328 7.5 208 825 125.32 35.00 22.66 4.14 1.32 0.55 0.63 127.0 1.61 0.75 46.48 46.16 43.31 43.02 
C3Cr12_1.32_1100 FE 3Cr12 328 7.5 208 1100 125.32 35.00 22.66 4.14 1.32 0.73 0.63 127.0 1.61 1.00 39.50 40.99 37.47 36.39 
C3Cr12_1.32_1370 FE 3Cr12 328 7.5 208 1370 125.32 35.00 22.66 4.14 1.32 0.91 0.63 127.0 1.61 1.25 33.61 35.59 31.72 30.12 
C3Cr12_1.32_1645 FE 3Cr12 328 7.5 208 1645 125.32 35.00 22.66 4.14 1.32 1.10 0.63 127.0 1.61 1.50 28.29 29.77 26.53 24.69 
C3Cr12_1.32_1920 FE 3Cr12 328 7.5 208 1920 125.32 35.00 22.66 4.14 1.32 1.28 0.63 127.0 1.61 1.75 22.72 24.49 22.27 20.36 
C3Cr12_1.32_2195 FE 3Cr12 328 7.5 208 2195 125.32 35.00 22.66 4.14 1.32 1.46 0.63 127.0 1.61 2.00 18.43 20.36 18.87 16.99 
C3Cr12_0.87_190 FE 3Cr12 328 7.5 208 190 125.32 24.00 22.66 4.14 0.87 0.13 0.62 57.0 2.40 0.25 28.46   20.89 
C3Cr12_0.87_385 FE 3Cr12 328 7.5 208 385 125.32 24.00 22.66 4.14 0.87 0.26 0.62 57.0 2.40 0.50 25.71   20.89 
C3Cr12_0.87_575 FE 3Cr12 328 7.5 208 575 125.32 24.00 22.66 4.14 0.87 0.38 0.62 57.0 2.40 0.75 21.73   19.66 
C3Cr12_0.87_765 FE 3Cr12 328 7.5 208 765 125.32 24.00 22.66 4.14 0.87 0.51 0.62 57.0 2.40 1.00 18.31   17.36 
C3Cr12_0.87_955 FE 3Cr12 328 7.5 208 955 125.32 24.00 22.66 4.14 0.87 0.64 0.62 57.0 2.40 1.25 15.51   14.65 
C3Cr12_0.87_1150 FE 3Cr12 328 7.5 208 1150 125.32 24.00 22.66 4.14 0.87 0.77 0.62 57.0 2.40 1.50 13.06  12.61 12.28 
C3Cr12_0.87_1340 FE 3Cr12 328 7.5 208 1340 125.32 24.00 22.66 4.14 0.87 0.89 0.62 57.0 2.40 1.75 11.01 11.78 10.73 10.33 
C3Cr12_0.87_1530 FE 3Cr12 328 7.5 208 1530 125.32 24.00 22.66 4.14 0.87  1.02  0.62 57.0 2.40 2.00 9.33 9.90 9.17 8.75 
(1) Experimental result or FE generated result. (2) Imperfections were modeled as experimentally measured. 
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Table I.1 (Continued). Lipped Channels: 304 
Material Geometry Slenderness Pu 
Alloy σ0.2% n E0 Le d b c r t v0 ωd σcr λs λo Test AS(t) AS(d) EC 3 Specimen 
Exp  
/FE 
(1) - MPa - GPa mm mm mm mm mm mm mm mm MPa - - kN kN kN kN 
C304_1.96_536 FE 304 234 6.5 176 536 144.38 46.04 23.85 5.14 1.96 0.36 185.0 1.12 0.35 84.01 83.03 82.05 73.33 
C304_1.96_722 FE 304 234 6.5 176 772 144.38 46.04 23.85 5.14 1.96 0.51 185.0 1.12 0.51 78.77 75.88 70.97 72.16 
C304_1.96_1002 FE 304 234 6.5 176 1002 144.38 46.04 23.85 5.14 1.96 0.67 185.0 1.12 0.66 74.03 70.25 63.49 67.96 
C304_1.96_1239 FE 304 234 6.5 176 1239 144.38 46.04 23.85 5.14 1.96 0.83 185.0 1.12 0.81 70.67 65.15 57.00 61.80 
C304_1.96_1475 FE 304 234 6.5 176 1475 144.38 46.04 23.85 5.14 1.96 0.98 185.0 1.12 0.97 66.34 60.37 51.21 54.99 
C304_1.96_1877 FE 304 234 6.5 176 1877 144.38 46.04 23.85 5.14 1.96 1.25 
(2) 
185.0 1.12 1.23 53.55 52.21 42.52 44.17 
C304_1.35_340 FE 304 234 6.5 176 340 144.38 40.00 24.00 5.14 1.35 0.23 0.65 85.0 1.66 0.25 49.16 46.29 46.29 38.29 
C304_1.35_675 FE 304 234 6.5 176 675 144.38 40.00 24.00 5.14 1.35 0.45 0.65 85.0 1.66 0.50 41.62 41.31 38.83 38.20 
C304_1.35_1015 FE 304 234 6.5 176 1015 144.38 40.00 24.00 5.14 1.35 0.68 0.65 85.0 1.66 0.75 34.42 36.45 32.52 35.03 
C304_1.35_1350 FE 304 234 6.5 176 1350 144.38 40.00 24.00 5.14 1.35 0.90 0.65 85.0 1.66 1.00 29.23 32.22 27.48 29.75 
C304_1.35_1690 FE 304 234 6.5 176 1690 144.38 40.00 24.00 5.14 1.35 1.13 0.65 85.0 1.66 1.25 24.27 27.99 23.10 24.55 
C304_1.35_2025 FE 304 234 6.5 176 2025 144.38 40.00 24.00 5.14 1.35 1.35 0.65 85.0 1.66 1.50 20.05 23.75 19.52 20.18 
C304_1.35_2365 FE 304 234 6.5 176 2365 144.38 40.00 24.00 5.14 1.35 1.58 0.65 85.0 1.66 1.75 16.22 19.76 16.56 16.64 
C304_1.35_2705 FE 304 234 6.5 176 2705 144.38 40.00 24.00 5.14 1.35 1.80 0.65 85.0 1.66 2.00 12.12 16.49 14.17 13.88 
C304_0.9_235 FE 304 234 6.5 176 235 144.38 27.00 27.00 5.14 0.90 0.16 0.64 39.0 2.45 0.25 24.62   17.77 
C304_0.9_475 FE 304 234 6.5 176 475 144.38 27.00 27.00 5.14 0.90 0.32 0.64 39.0 2.45 0.50 20.59   17.77 
C304_0.9_710 FE 304 234 6.5 176 710 144.38 27.00 27.00 5.14 0.90 0.47 0.64 39.0 2.45 0.75 16.72   16.73 
C304_0.9_945 FE 304 234 6.5 176 945 144.38 27.00 27.00 5.14 0.90 0.63 0.64 39.0 2.45 1.00 13.94   14.77 
C304_0.9_1185 FE 304 234 6.5 176 1185 144.38 27.00 27.00 5.14 0.90 0.79 0.64 39.0 2.45 1.25 11.63  11.40 12.36 
C304_0.9_1420 FE 304 234 6.5 176 1420 144.38 27.00 27.00 5.14 0.90 0.95 0.64 39.0 2.45 1.50 9.82 11.71 9.76 10.40 
C304_0.9_1655 FE 304 234 6.5 176 1655 144.38 27.00 27.00 5.14 0.90 1.10 0.64 39.0 2.45 1.75 8.28 9.88 8.37 8.76 
C304_0.9_1895 FE 304 234 6.5 176 1895 144.38 27.00 27.00 5.14 0.90 1.26 0.64 39.0 2.45 2.00 7.32 8.33 7.19 7.39 
(1) Experimental result or FE generated result. (2) Imperfections were modeled as experimentally measured. 
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Table I.1 (Continued). Lipped Channels: 430 
Material Geometry Slenderness Pu 
Allo σ0.2% n E0 Le d b c r t v0 ωd σcr λs λo Test AS(t) AS(d EC 3 Specimen 
Exp  
/FE 
(1) - MPa - GPa mm mm mm mm mm mm mm mm MPa - - kN kN kN kN 
C430_1.13_535 FE 430 265 6.5 193 535 79.73 33.29 22.16 3.00 1.13 0.36 215.0 1.11 0.46 40.45 36.19 35.15 34.41 
C430_1.13_785 FE 430 265 6.5 193 785 79.73 33.29 22.16 3.00 1.13 0.52 215.0 1.11 0.68 37.08 32.56 31.26 31.15 
C430_1.13_1049 FE 430 265 6.5 193 1049 79.73 33.29 22.16 3.00 1.13 0.70 215.0 1.11 0.90 33.29 29.01 27.28 26.33 
C430_1.13_1314 FE 430 265 6.5 193 1314 79.73 33.29 22.16 3.00 1.13 0.88 215.0 1.11 1.13 28.32 25.65 23.38 21.73 
C430_1.13_1565 FE 430 265 6.5 193 1565 79.73 33.29 22.16 3.00 1.13 1.04 215.0 1.11 1.35 23.08 22.32 19.88 17.96 
C430_1.13_1967 FE 430 265 6.5 193 1967 79.73 33.29 22.16 3.00 1.13 1.31 
(2) 
215.0 1.11 1.70 16.50 17.22 15.32 13.35 
C430_0.78_210 FE 430 265 6.5 193 210 79.73 24.00 18.00 3.00 0.78 0.14 0.37 101.5 1.62 0.25 19.65 15.15 15.15 15.88 
C430_0.78_415 FE 430 265 6.5 193 415 79.73 24.00 18.00 3.00 0.78 0.28 0.37 101.5 1.62 0.50 17.66 13.62 13.20 15.84 
C430_0.78_625 FE 430 265 6.5 193 625 79.73 24.00 18.00 3.00 0.78 0.42 0.37 101.5 1.62 0.75 14.98 12.18 11.72 14.34 
C430_0.78_835 FE 430 265 6.5 193 835 79.73 24.00 18.00 3.00 0.78 0.56 0.37 101.5 1.62 1.00 12.68 10.93 10.26 11.96 
C430_0.78_1045 FE 430 265 6.5 193 1045 79.73 24.00 18.00 3.00 0.78 0.70 0.37 101.5 1.62 1.25 10.69 9.67 8.82 9.84 
C430_0.78_1250 FE 430 265 6.5 193 1250 79.73 24.00 18.00 3.00 0.78 0.83 0.37 101.5 1.62 1.50 9.10 8.42 7.48 8.09 
C430_0.78_1460 FE 430 265 6.5 193 1460 79.73 24.00 18.00 3.00 0.78 0.97 0.37 101.5 1.62 1.75 7.10 7.08 7.31 6.65 
C430_0.78_1670 FE 430 265 6.5 193 1670 79.73 24.00 18.00 3.00 0.78 1.11 0.37 101.5 1.62 2.00 6.04 6.66 6.17 5.54 
C430_0.51_140 FE 430 265 6.5 193 140 79.73 16.00 16.00 3.00 0.51 0.09 0.36 45.5 2.41 0.25 9.15   6.67 
C430_0.51_280 FE 430 265 6.5 193 280 79.73 16.00 16.00 3.00 0.51 0.19 0.36 45.5 2.41 0.50 8.04   6.67 
C430_0.51_420 FE 430 265 6.5 193 420 79.73 16.00 16.00 3.00 0.51 0.28 0.36 45.5 2.41 0.75 6.77   6.26 
C430_0.51_560 FE 430 265 6.5 193 560 79.73 16.00 16.00 3.00 0.51 0.37 0.36 45.5 2.41 1.00 5.68   5.48 
C430_0.51_700 FE 430 265 6.5 193 700 79.73 16.00 16.00 3.00 0.51 0.47 0.36 45.5 2.41 1.25 4.77   4.58 
C430_0.51_835 FE 430 265 6.5 193 835 79.73 16.00 16.00 3.00 0.51 0.56 0.36 45.5 2.41 1.50 4.04  3.95 3.84 
C430_0.51_975 FE 430 265 6.5 193 975 79.73 16.00 16.00 3.00 0.51 0.65 0.36 45.5 2.41 1.75 3.43 3.66 3.35 3.23 
C430_0.51_1115 FE 430 265 6.5 193 1115 79.73 16.00 16.00 3.00 0.51 0.74 0.36 45.5 2.41 2.00 2.90 3.09 2.87 2.72 
(1) Experimental result or FE generated result. (2) Imperfections were modeled as experimentally measured. 
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Table I.2. Plain Channels: 3Cr12         
Material Geometry Slenderness Pu 
Alloy σ0.2% n E0 Le d b r t v0 ωd σcr λs λo Test AS(t) AS(d) EC 3 Specimen 
Exp  
/FE 
(1) - MPa - GPa mm mm mm mm mm mm mm MPa - - kN kN kN kN 
PC3Cr12_1.80_250 FE 3Cr12 328 7.5 208 250 100.00 40.00 4.00 1.80 0.17 0.65 236.6 1.18 0.26 59.85 52.85 52.85 35.61 
PC3Cr12_1.80_500 FE 3Cr12 328 7.5 208 500 100.00 40.00 4.00 1.80 0.33 0.65 236.6 1.18 0.51 55.79 49.74 48.33 35.59 
PC3Cr12_1.80_750 FE 3Cr12 328 7.5 208 750 100.00 40.00 4.00 1.80 0.50 0.65 236.6 1.18 0.77 50.61 46.41 44.93 34.03 
PC3Cr12_1.80_1000 FE 3Cr12 328 7.5 208 1000 100.00 40.00 4.00 1.80 0.67 0.65 236.6 1.18 1.03 44.52 42.96 41.09 30.83 
PC3Cr12_1.80_1250 FE 3Cr12 328 7.5 208 1250 100.00 40.00 4.00 1.80 0.83 0.65 236.6 1.18 1.29 37.25 39.43 37.54 27.22 
PC3Cr12_1.80_1500 FE 3Cr12 328 7.5 208 1500 100.00 40.00 4.00 1.80 1.00 0.65 236.6 1.18 1.54 30.09 36.11 33.52 24.17 
PC3Cr12_1.80_1750 FE 3Cr12 328 7.5 208 1750 100.00 40.00 4.00 1.80 1.17 0.65 236.6 1.18 1.80 24.24 31.39 26.32 21.63 
PC3Cr12_1.80_2000 FE 3Cr12 328 7.5 208 2000 100.00 40.00 4.00 1.80 1.33 0.65 236.6 1.18 2.06 19.81 24.12 21.02 18.26 
PC3Cr12_1.20_250 FE 3Cr12 328 7.5 208 250 99.40 39.70 4.00 1.20 0.17 0.65 105.9 1.76 0.26 27.57 18.25 18.25 11.63 
PC3Cr12_1.20_500 FE 3Cr12 328 7.5 208 500 99.40 39.70 4.00 1.20 0.33 0.65 105.9 1.76 0.51 23.81 17.54 17.24 11.63 
PC3Cr12_1.20_750 FE 3Cr12 328 7.5 208 750 99.40 39.70 4.00 1.20 0.50 0.65 105.9 1.76 0.77 20.69 16.72 16.38 11.47 
PC3Cr12_1.20_1000 FE 3Cr12 328 7.5 208 1000 99.40 39.70 4.00 1.20 0.67 0.65 105.9 1.76 1.03 18.27 15.82 15.36 11.14 
PC3Cr12_1.20_1250 FE 3Cr12 328 7.5 208 1250 99.40 39.70 4.00 1.20 0.83 0.65 105.9 1.76 1.29 16.11 14.78 14.20 10.37 
PC3Cr12_1.20_1500 FE 3Cr12 328 7.5 208 1500 99.40 39.70 4.00 1.20 1.00 0.65 105.9 1.76 1.54 13.92 13.59 13.04 9.50 
PC3Cr12_1.20_1750 FE 3Cr12 328 7.5 208 1750 99.40 39.70 4.00 1.20 1.17 0.65 105.9 1.76 1.80 11.96 12.38 12.00 8.67 
PC3Cr12_1.20_2000 FE 3Cr12 328 7.5 208 2000 99.40 39.70 4.00 1.20 1.33 0.65 105.9 1.76 2.06 10.37 11.44 11.19 7.92 
PC3Cr12_0.85_250 FE 3Cr12 328 7.5 208 250 99.05 39.53 4.00 0.85 0.17 0.65 53.7 2.47 0.26 14.69 7.06 7.06 4.16 
PC3Cr12_0.85_500 FE 3Cr12 328 7.5 208 500 99.05 39.53 4.00 0.85 0.33 0.65 53.7 2.47 0.51 12.02 6.88 6.80 4.16 
PC3Cr12_0.85_750 FE 3Cr12 328 7.5 208 750 99.05 39.53 4.00 0.85 0.50 0.65 53.7 2.47 0.77 9.83 6.66 6.56 4.15 
PC3Cr12_0.85_1000 FE 3Cr12 328 7.5 208 1000 99.05 39.53 4.00 0.85 0.67 0.65 53.7 2.47 1.03 8.31 6.41 6.27 4.10 
PC3Cr12_0.85_1250 FE 3Cr12 328 7.5 208 1250 99.05 39.53 4.00 0.85 0.83 0.65 53.7 2.47 1.29 7.21 6.11 5.93 4.02 
PC3Cr12_0.85_1500 FE 3Cr12 328 7.5 208 1500 99.05 39.53 4.00 0.85 1.00 0.65 53.7 2.47 1.54 6.24 5.75 5.57 3.85 
PC3Cr12_0.85_1750 FE 3Cr12 328 7.5 208 1750 99.05 39.53 4.00 0.85 1.17 0.65 53.7 2.47 1.80 5.47 5.36 5.22 3.63 
PC3Cr12_0.85_2000 FE 3Cr12 328 7.5 208 2000 99.05 39.53 4.00 0.85 1.33 0.65 53.7 2.47 2.06 4.88 4.99 4.88 3.40 
(1)  Experimental result or FE generated result. 
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Table I.2 (Continued). Plain Channels: 304               
Material Geometry Slenderness Pu 
Alloy σ0.2% n E0 Le d b r t v0 ωd σcr λs λo Test AS(t) AS(d) EC 3 Specimen 
Exp  
/FE 
(1) - MPa - GPa mm mm mm mm mm mm mm MPa - - kN kN kN kN 
PC304_1.80_250 FE 304 234 6.5 176 250 100.00 40.00 4.00 1.80 0.17 0.65 200.2 1.08 0.24 40.82 42.62 42.62 29.17 
PC304_1.80_500 FE 304 234 6.5 176 500 100.00 40.00 4.00 1.80 0.33 0.65 200.2 1.08 0.47 38.17 40.10 38.94 29.17 
PC304_1.80_750 FE 304 234 6.5 176 750 100.00 40.00 4.00 1.80 0.50 0.65 200.2 1.08 0.71 34.96 37.30 35.15 28.00 
PC304_1.80_1000 FE 304 234 6.5 176 1000 100.00 40.00 4.00 1.80 0.67 0.65 200.2 1.08 0.94 30.89 34.70 32.12 25.61 
PC304_1.80_1250 FE 304 234 6.5 176 1250 100.00 40.00 4.00 1.80 0.83 0.65 200.2 1.08 1.18 26.19 32.36 28.52 22.72 
PC304_1.80_1500 FE 304 234 6.5 176 1500 100.00 40.00 4.00 1.80 1.00 0.65 200.2 1.08 1.42 21.53 30.13 22.91 20.25 
PC304_1.80_1750 FE 304 234 6.5 176 1750 100.00 40.00 4.00 1.80 1.17 0.65 200.2 1.08 1.65 17.66 25.84 18.56 18.13 
PC304_1.80_2000 FE 304 234 6.5 176 2000 100.00 40.00 4.00 1.80 1.33 0.65 200.2 1.08 1.89 14.66 20.25 15.21 15.17 
PC304_1.20_250 FE 304 234 6.5 176 250 99.40 39.70 4.00 1.20 0.17 0.65 89.7 1.62 0.24 18.91 15.07 15.07 9.76 
PC304_1.20_500 FE 304 234 6.5 176 500 99.40 39.70 4.00 1.20 0.33 0.65 89.7 1.62 0.47 16.49 14.46 14.21 9.76 
PC304_1.20_750 FE 304 234 6.5 176 750 99.40 39.70 4.00 1.20 0.50 0.65 89.7 1.62 0.71 14.66 13.75 13.26 9.64 
PC304_1.20_1000 FE 304 234 6.5 176 1000 99.40 39.70 4.00 1.20 0.67 0.65 89.7 1.62 0.94 13.20 13.01 12.34 9.37 
PC304_1.20_1250 FE 304 234 6.5 176 1250 99.40 39.70 4.00 1.20 0.83 0.65 89.7 1.62 1.18 11.91 12.22 11.42 8.77 
PC304_1.20_1500 FE 304 234 6.5 176 1500 99.40 39.70 4.00 1.20 1.00 0.65 89.7 1.62 1.42 10.47 11.36 10.53 8.05 
PC304_1.20_1750 FE 304 234 6.5 176 1750 99.40 39.70 4.00 1.20 1.17 0.65 89.7 1.62 1.65 9.07 10.44 9.79 7.35 
PC304_1.20_2000 FE 304 234 6.5 176 2000 99.40 39.70 4.00 1.20 1.33 0.65 89.7 1.62 1.89 7.90 9.68 9.16 6.71 
PC304_0.85_250 FE 304 234 6.5 176 250 99.05 39.53 4.00 0.85 0.17 0.65 45.5 2.27 0.24 10.14 5.87 5.87 3.54 
PC304_0.85_500 FE 304 234 6.5 176 500 99.05 39.53 4.00 0.85 0.33 0.65 45.5 2.27 0.47 8.40 5.71 5.64 3.54 
PC304_0.85_750 FE 304 234 6.5 176 750 99.05 39.53 4.00 0.85 0.50 0.65 45.5 2.27 0.71 7.06 5.52 5.38 3.53 
PC304_0.85_1000 FE 304 234 6.5 176 1000 99.05 39.53 4.00 0.85 0.67 0.65 45.5 2.27 0.95 6.14 5.31 5.12 3.48 
PC304_0.85_1250 FE 304 234 6.5 176 1250 99.05 39.53 4.00 0.85 0.83 0.65 45.5 2.27 1.18 5.45 5.08 4.84 3.42 
PC304_0.85_1500 FE 304 234 6.5 176 1500 99.05 39.53 4.00 0.85 1.00 0.65 45.5 2.27 1.42 4.74 4.81 4.55 3.29 
PC304_0.85_1750 FE 304 234 6.5 176 1750 99.05 39.53 4.00 0.85 1.17 0.65 45.5 2.27 1.65 4.17 4.52 4.27 3.10 
PC304_0.85_2000 FE 304 234 6.5 176 2000 99.05 39.53 4.00 0.85 1.33 0.65 45.5 2.27 1.89 3.73 4.22 4.01 2.91 
(1)  Experimental result or FE generated result. 
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Table I.2 (Continued). Plain Channels: 430       
Material Geometry Slenderness Pu 
Alloy σ0.2% n E0 Le d b r t v0 ωd σcr λs λo Test AS(t) AS(d) EC 3 Specimen 
Exp  
/FE 
(1) - MPa - GPa mm mm mm mm mm mm mm MPa - - kN kN kN kN 
PC430_1.80_250 FE 430 265 6.5 193 250 100.00 40.00 4.00 1.80 0.17 0.65 219.5 1.10 0.24 50.99 47.19 47.19 32.20 
PC430_1.80_500 FE 430 265 6.5 193 500 100.00 40.00 4.00 1.80 0.33 0.65 219.5 1.10 0.48 48.13 44.40 43.72 32.20 
PC430_1.80_750 FE 430 265 6.5 193 750 100.00 40.00 4.00 1.80 0.50 0.65 219.5 1.10 0.72 44.07 41.28 40.49 30.88 
PC430_1.80_1000 FE 430 265 6.5 193 1000 100.00 40.00 4.00 1.80 0.67 0.65 219.5 1.10 0.96 38.91 38.32 37.31 28.19 
PC430_1.80_1250 FE 430 265 6.5 193 1250 100.00 40.00 4.00 1.80 0.83 0.65 219.5 1.10 1.20 32.65 35.66 34.24 24.99 
PC430_1.80_1500 FE 430 265 6.5 193 1500 100.00 40.00 4.00 1.80 1.00 0.65 219.5 1.10 1.44 26.40 33.12 29.85 22.25 
PC430_1.80_1750 FE 430 265 6.5 193 1750 100.00 40.00 4.00 1.80 1.17 0.65 219.5 1.10 1.68 21.33 28.48 23.70 19.92 
PC430_1.80_2000 FE 430 265 6.5 193 2000 100.00 40.00 4.00 1.80 1.33 0.65 219.5 1.10 1.92 17.56 22.24 19.06 16.70 
PC430_1.20_250 FE 430 265 6.5 193 250 99.40 39.70 4.00 1.20 0.17 0.65 98.3 1.64 0.24 23.48 16.59 16.59 10.72 
PC430_1.20_500 FE 430 265 6.5 193 500 99.40 39.70 4.00 1.20 0.33 0.65 98.3 1.64 0.48 20.75 15.93 15.78 10.72 
PC430_1.20_750 FE 430 265 6.5 193 750 99.40 39.70 4.00 1.20 0.50 0.65 98.3 1.64 0.72 18.41 15.14 14.96 10.59 
PC430_1.20_1000 FE 430 265 6.5 193 1000 99.40 39.70 4.00 1.20 0.67 0.65 98.3 1.64 0.96 16.48 14.32 14.06 10.29 
PC430_1.20_1250 FE 430 265 6.5 193 1250 99.40 39.70 4.00 1.20 0.83 0.65 98.3 1.64 1.20 14.63 13.44 13.04 9.62 
PC430_1.20_1500 FE 430 265 6.5 193 1500 99.40 39.70 4.00 1.20 1.00 0.65 98.3 1.64 1.44 12.64 12.47 12.01 8.83 
PC430_1.20_1750 FE 430 265 6.5 193 1750 99.40 39.70 4.00 1.20 1.17 0.65 98.3 1.64 1.68 10.87 11.45 11.08 8.06 
PC430_1.20_2000 FE 430 265 6.5 193 2000 99.40 39.70 4.00 1.20 1.33 0.65 98.3 1.64 1.92 9.44 10.61 10.34 7.36 
PC430_0.85_250 FE 430 265 6.5 193 250 99.05 39.53 4.00 0.85 0.17 0.65 49.8 2.31 0.24 12.55 6.46 6.46 3.87 
PC430_0.85_500 FE 430 265 6.5 193 500 99.05 39.53 4.00 0.85 0.33 0.65 49.8 2.31 0.48 10.50 6.29 6.25 3.87 
PC430_0.85_750 FE 430 265 6.5 193 750 99.05 39.53 4.00 0.85 0.50 0.65 49.8 2.31 0.72 8.80 6.07 6.02 3.87 
PC430_0.85_1000 FE 430 265 6.5 193 1000 99.05 39.53 4.00 0.85 0.67 0.65 49.8 2.31 0.96 7.56 5.84 5.76 3.82 
PC430_0.85_1250 FE 430 265 6.5 193 1250 99.05 39.53 4.00 0.85 0.83 0.65 49.8 2.31 1.20 6.61 5.58 5.46 3.75 
PC430_0.85_1500 FE 430 265 6.5 193 1500 99.05 39.53 4.00 0.85 1.00 0.65 49.8 2.31 1.44 5.75 5.29 5.14 3.60 
PC430_0.85_1750 FE 430 265 6.5 193 1750 99.05 39.53 4.00 0.85 1.17 0.65 49.8 2.31 1.68 5.07 4.96 4.82 3.39 
PC430_0.85_2000 FE 430 265 6.5 193 2000 99.05 39.53 4.00 0.85 1.33 0.65 49.8 2.31 1.92 4.55 4.63 4.51 3.18 
(1)  Experimental result or FE generated result. 
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Table I.3a. Tubular Sections: Experimental Results 
Material Geometry Slenderness Pu 
Alloy σ0.2% n E0 Le d b r t v0 σcr λs λo Test AS(t) AS(d) EC 3 
 
Specimen 
Exp  
/FE 
(1) - MPa - GPa mm mm mm mm mm mm MPa - - kN kN kN kN 
R1L0360 Exp 304 350 5.0 198 179.25 120.0 40.0 4.08 1.96 - 268.1 1.14 0.14 187.8 157.7 157.7 139.4 
R1L0360R Exp 304 350 5.0 198 179.75 120.0 40.0 4.06 1.93 - 268.1 1.14 0.14 184.7 155.1 155.1 137.1 
R1L1200 Exp 304 350 5.0 198 599.25 120.1 40.1 4.07 1.94 L/4720 268.1 1.14 0.46 167.0 148.3 132.3 139.4 
R1L2000 Exp 304 350 5.0 198 1000.00 120.2 40.0 4.07 1.95 L/4500 268.1 1.14 0.77 141.3 121.0 103.9 119.1 
R1L2800 Exp 304 350 5.0 198 1400.00 120.2 40.0 4.08 1.97 L/1840 268.1 1.14 1.08 96.2 101.2 83.0 93.4 
R1L3600 Exp 304 350 5.0 198 1800.00 120.2 40.0 4.08 1.96 L/4720 268.1 1.14 1.39 83.7 83.4 66.1 69.6 
R3L0360 Exp 304 366 5.0 193 180.00 119.8 79.8 5.29 2.78 - 510.2 0.85 0.08 404.6 364.3 364.3 334.1 
R3L0360R Exp 304 366 5.0 193 179.75 120.1 79.9 5.30 2.81 - 510.2 0.85 0.08 413.1 364.3 364.3 334.1 
R3L1200 Exp 304 366 5.0 193 599.75 119.9 80.1 5.31 2.82 L/9450 510.2 0.85 0.25 398.3 364.3 364.3 334.1 
R3L2000 Exp 304 366 5.0 193 1000.00 120.0 80.0 5.30 2.80 L/5250 510.2 0.85 0.42 394.0 356.9 313.7 334.1 
R3L2800 Exp 304 366 5.0 193 1399.75 119.4 79.9 5.36 2.92 L/1200 510.2 0.85 0.59 336.8 311.3 266.2 304.8 
 
R3L3600 Exp 304 366 5.0 193 1799.25 119.7 80.1 5.35 2.9 L/9450 510.2 0.85 0.76 310.6 276.9 229.6 269.3 
S1L0360 Exp 304 337 4.0 195 180.00 69.9 70.1 2.85 1.91 - 560.0 0.78 0.09 194.0 169.4 169.4 148.0 
S1L0360R Exp 304 337 4.0 195 180.00 69.9 70.2 2.86 1.93 - 560.0 0.78 0.09 193.1 169.4 169.4 148.0 
S1L1200 Exp 304 337 4.0 195 599.50 69.9 70.0 2.86 1.92 L/4970 560.0 0.78 0.29 189.8 169.4 169.4 148.0 
S1L2000 Exp 304 337 4.0 195 1000.00 69.9 70.1 2.87 1.95 L/2100 560.0 0.78 0.48 188.1 160.4 134.9 144.4 
S1L2800 Exp 304 337 4.0 195 1400.00 69.9 70.2 2.86 1.92 L/4410 560.0 0.78 0.67 159.2 130.7 110.3 127.7 
 
S1L3600 Exp 304 337 4.0 195 1799.50 70.0 70.1 2.86 1.93 L/950 560.0 0.78 0.86 115.0 109.2 92.0 108.9 
(1) Experimental result or FE generated result. 
 
 
Liu/Young (2002) 
Young/Liu (2003)
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Table I.3a (Continued). Tubular Sections: Experimental Results 
Material Geometry Slenderness Pu 
Alloy σ0.2% n E0 Le d b r t v0 σcr λs λo Test AS(t) AS(d) EC 3 
 
Specimen 
Exp  
/FE 
(1) - MPa - GPa mm mm mm mm mm mm MPa - - kN kN kN kN 
SHS2L300 Exp Duplex 622 5.0 200 150 50.1 50.3 2.29 1.58 - 731.0 0.92 0.13 175.7 164.0 164.0 140.7 
SHS2L300R Exp Duplex 622 5.0 200 150 50.0 50.3 2.27 1.55 - 731.0 0.92 0.13 177.6 164.0 164.0 140.7 
SHS2L650 Exp Duplex 622 5.0 200 325 50.3 50.2 2.30 1.60 L/2326 731.0 0.92 0.29 181.0 164.0 164.0 140.7 
SHS2L1000 Exp Duplex 622 5.0 200 500 50.2 50.2 2.27 1.54 L/1358 731.0 0.92 0.45 175.1 164.0 164.0 140.7 
SHS2L1500 Exp Duplex 622 5.0 200 750.5 50.0 50.2 2.27 1.53 L/1790 731.0 0.92 0.67 156.8 145.0 133.5 124.1 
SHS2L2000 Exp Duplex 622 5.0 200 1000 50.1 50.2 2.27 1.53 L/1500 731.0 0.92 0.90 124.7 126.5 114.7 104.3 
SHS2L2500 Exp Duplex 622 5.0 200 1250 50.2 50.2 2.27 1.54 L/775 731.0 0.92 1.12 95.1 106.8 93.0 84.1 
SHS2L3000 Exp Duplex 622 5.0 200 1500 50.1 50.2 2.27 1.54 L/872 731.0 0.92 1.35 72.4 87.1 74.2 66.6 
RHS1L600 Exp Duplex 486 6.0 212 300 140.0 78.8 8.54 3.08 L/4295 501.0 0.98 0.14 558.2 536.4 536.4 488.9 
RHS1L1400 Exp Duplex 486 6.0 212 700 139.9 79.9 8.54 3.07 L/7349 501.0 0.98 0.32 553.1 536.4 536.4 488.9 
RHS1L2200 Exp Duplex 486 6.0 212 1100 139.9 80.0 8.53 3.07 L/5588 501.0 0.98 0.51 525.1 497.4 491.0 474.0 
RHS1L3000 Exp Duplex 486 6.0 212 1500 140.1 79.9 8.51 3.01 L/3236 501.0 0.98 0.69 513.5 444.4 420.7 422.5 
RHS2L600 Exp Duplex 536 5.0 208 300 160.1 80.8 7.73 2.87 L/7874 331.0 1.27 0.14 537.3 542.8 542.8 483.2 
RHS2L1400 Exp Duplex 536 5.0 208 700 160.1 80.8 7.73 2.87 L/5512 331.0 1.27 0.33 537.2 542.8 542.8 483.2 
RHS2L2200 Exp Duplex 536 5.0 208 1100 160.1 80.8 7.74 2.88 L/6663 331.0 1.27 0.52 515.3 514.4 489.7 474.5 
 
RHS2L3000 Exp Duplex 536 5.0 208 1500 160.4 80.8 7.74 2.87 L/3937 331.0 1.27 0.71 439.4 450.4 423.0 427.0 
CC-1-RHS-2 Exp 304 305 5.0 205 524 150.7 100.4 4.44 2.89 L/1000 350.0 0.93 0.15 372.0 375.1 375.1 329.6 
CC-2-RHS-2 Exp 304 305 5.0 205 2648 150.2 100.3 4.44 2.89 L/1000 350.0 0.93 0.78 349.0 272.6 236.1 268.3 
CC-3-RHS-2 Exp 304 305 5.0 205 4304 150.1 100.3 4.44 2.89 L/1000 350.0 0.93 1.27 254.0 199.4 153.2 167.9 
 
CC-4-RHS-2 Exp 304 305 5.0 205 5952 150.4 100.3 4.44 2.89 L/1000 350.0 0.93 1.75 189.0 130.4 99.3 103.0 
(1) Experimental result or FE generated result. 
 
Young/Lui (2006)
Talja/Salm
i 
(1995) 
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Table I.3a (Continued). Tubular Sections: Experimental Results  
Material Geometry Slenderness Pu 
Alloy σ0.2% n E0 Le d b r t v0 σcr λs λo Test AS(t) AS(d) EC 3 
 
Specimen 
Exp  
/FE 
(1) - MPa - GPa mm mm mm mm mm mm MPa - - kN kN kN kN 
RHS80x80x3-A Exp 301LN 520 4.0 187 1148 80.1 80.3 5.54 3.08 1-1.5 1084 0.69 0.62 407.0 422.7 320.1 398.0 
RHS80x80x3-A Exp 301LN 520 4.0 187 1850 80.1 80.3 5.54 3.08 1-1.5 1084 0.69 0.99 267.0 292.6 223.5 276.3 
RHS80x80x3-A Exp 301LN 520 4.0 187 2849 80.1 80.3 5.54 3.08 1-1.5 1084 0.69 1.53 150.0 178.1 135.8 150.4 
RHS80x80x3-C850 Exp 301LN 651 4.0 173 1147 80.4 80.0 4.53 3.06 1-1.5 978 0.82 0.72 518.0 507.4 362.9 423.3 
RHS80x80x3-C850 Exp 301LN 651 4.0 173 1847 80.4 80.0 4.53 3.06 1-1.5 978 0.82 1.16 332.0 330.8 240.2 275.8 
RHS80x80x3-C850 Exp 301LN 651 4.0 173 2848 80.4 80.0 4.53 3.06 1-1.5 978 0.82 1.78 162.0 178.8 136.8 143.7 
RHS100x100x3-A Exp 301LN 481 4.0 195 1447 100.0 100.1 4.04 3.07 1-1.5 700 0.83 0.58 560.0 487.8 389.9 423.9 
RHS100x100x3-A Exp 301LN 481 4.0 195 2250 100.0 100.1 4.04 3.07 1-1.5 700 0.83 0.90 406.0 365.2 285.9 329.9 
RHS100x100x3-A Exp 301LN 481 4.0 195 3546 100.0 100.1 4.04 3.07 1-1.5 700 0.83 1.42 220.0 228.2 175.7 191.4 
RHS100x100x3-C850 Exp 301LN 607 4.0 184 1447 100.3 100.0 4.53 3.05 1-1.5 652 0.96 0.67 634.0 551.5 439.3 464.4 
RHS100x100x3-C850 Exp 301LN 607 4.0 184 2250 100.3 100.0 4.53 3.05 1-1.5 652 0.96 1.04 427.0 422.1 313.0 342.9 
 
 
RHS100x100x3-C850 Exp 301LN 607 4.0 184 3552 100.3 100.0 4.53 3.05 1-1.5 652 0.96 1.65 222.0 236.8 179.7 186.7 
SHS 100x100x2-LC- Exp 304 370 4.7 207 2000. 99.8 99.9 2.23 1.86 0.1 267 1.18 0.67 176.0 162.6 143.8 149.4 
SHS 100x100x3-LC- Exp 304 379 3.8 209 2000. 100.1 100.2 2.83 2.92 0.1 635 0.77 0.68 350.0 308.1 257.8 295.4 
SHS 150x150x4-LC- Exp 304 294 4.5 195 1999. 150.4 150.0 7.69 3.77 0.0 468 0.79 0.42 692.0 596.5 533.8 541.2 
RHS 100x50x2-LCJ- Exp 304 370 5.2 206 2000. 100.0 50.1 3.22 1.83 0.6 338 1.05 0.75 157.0 123.1 104.6 149.3 
RHS 100x50x3-LC-2m Exp 304 455 4.1 201 2000. 100.1 50.1 4.54 2.87 1.1 828 0.74 1.46 113.0 144.2 111.3 122.5 
RHS 120x80x3-LC-2m Exp 304 429 4.2 197 1999. 120.0 80.2 6.06 2.91 1.1 548 0.88 0.90 313.0 297.8 240.5 281.8 
RHS 150x100x4-LC- Exp 304 319 4.7 200 1999. 149.8 99.9 7.50 3.79 0.1 607 0.72 0.62 515.0 443.9 379.6 454.0 
RHS 100x50x2-LC-1m Exp 304 370 5.2 206 1000. 99.8 50.0 3.21 1.82 0.1 334 1.05 0.64 163.0 131.1 113.3 129.7 
RHS 100x50x3-LC-1m Exp 304 455 4.1 201 1000. 100.1 50.0 4.53 2.86 1.0 822 0.74 0.73 304.0 275.1 219.0 260.2 
 
RHS 120x80x3-LC-1m Exp 304 429 4.2 197 1000. 120.0 80.2 6.03 2.86 1.0 529 0.90 0.45 448.0 422.8 352.5 382.2 
(1) Experimental result or FE generated result. 
G
ardner/Talja/B
addoo (2006)
G
ardner/N
ethercot (2003b) 
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Table I.3b. Tubular Sections: FE Results        
Material Geometry Slenderness Pu 
Alloy σ0.2% n E0 Le d b r t v0 ωd σcr λs λo Test AS(t) AS(d) EC 3 Specimen 
Exp  
/FE 
(1) - MPa - GPa mm mm mm mm mm mm mm MPa - - kN kN kN kN 
SHS304L_1.70_500 FE 304L 415 3.3 195 500 78.7 78.7 4.25 1.70 0.33 0.55 345 1.10 0.24 159.95 172.06 172.06 146.19 
SHS304L_1.70_1000 FE 304L 415 3.3 195 1000 78.7 78.7 4.25 1.70 0.67 0.55 345 1.10 0.47 150.56 172.06 145.34 146.19 
SHS304L_1.70_1450 FE 304L 415 3.3 195 1450 78.7 78.7 4.25 1.70 0.97 0.55 345 1.10 0.68 137.12 144.92 123.88 131.21 
SHS304L_1.70_2000 FE 304L 415 3.3 195 2000 78.7 78.7 4.25 1.70 1.33 0.55 345 1.10 0.94 119.71 118.38 103.27 108.95 
SHS304L_1.70_2450 FE 304L 415 3.3 195 2450 78.7 78.7 4.25 1.70 1.63 0.55 345 1.10 1.15 102.50 101.44 85.29 90.02 
SHS304L_1.70_3000 FE 304L 415 3.3 195 3000 78.7 78.7 4.25 1.70 2.00 0.55 345 1.10 1.41 79.12 80.13 67.05 69.80 
SHS304L_1.70_3450 FE 304L 415 3.3 195 3450 78.7 78.7 4.25 1.70 2.30 0.55 345 1.10 1.62 60.16 66.39 55.48 56.83 
SHS304L_1.70_4000 FE 304L 415 3.3 195 4000 78.7 78.7 4.25 1.70 2.67 0.55 345 1.10 1.88 47.76 53.14 44.58 44.86 
SHS304L_1.10_500 FE 304L 415 3.3 195 500 78.1 78.1 4.25 1.10 0.33 0.55 148 1.67 0.24 79.26 82.91 82.91 69.25 
SHS304L_1.10_1000 FE 304L 415 3.3 195 1000 78.1 78.1 4.25 1.10 0.67 0.55 148 1.67 0.47 72.71 82.91 70.80 69.25 
SHS304L_1.10_1450 FE 304L 415 3.3 195 1450 78.1 78.1 4.25 1.10 0.97 0.55 148 1.67 0.68 65.54 70.60 61.13 65.75 
SHS304L_1.10_2000 FE 304L 415 3.3 195 2000 78.1 78.1 4.25 1.10 1.33 0.55 148 1.67 0.94 55.31 58.67 51.92 57.31 
SHS304L_1.10_2450 FE 304L 415 3.3 195 2450 78.1 78.1 4.25 1.10 1.63 0.55 148 1.67 1.15 48.32 51.10 45.33 49.66 
SHS304L_1.10_3000 FE 304L 415 3.3 195 3000 78.1 78.1 4.25 1.10 2.00 0.55 148 1.67 1.41 40.88 43.42 38.33 40.43 
SHS304L_1.10_3450 FE 304L 415 3.3 195 3450 78.1 78.1 4.25 1.10 2.30 0.55 148 1.67 1.62 32.52 38.06 33.46 33.81 
SHS304L_1.10_4000 FE 304L 415 3.3 195 4000 78.1 78.1 4.25 1.10 2.67 0.55 148 1.67 1.88 26.36 32.43 28.45 27.25 
SHS304L_0.80_500 FE 304L 415 3.3 195 500 77.8 77.8 4.25 0.80 0.33 0.55 81 2.26 0.24 47.23 48.01 48.01 40.03 
SHS304L_0.80_1000 FE 304L 415 3.3 195 1000 77.8 77.8 4.25 0.80 0.67 0.55 81 2.26 0.47 43.48 48.01 41.08 40.03 
SHS304L_0.80_1450 FE 304L 415 3.3 195 1450 77.8 77.8 4.25 0.80 0.97 0.55 81 2.26 0.68 39.10 40.97 35.59 39.28 
SHS304L_0.80_2000 FE 304L 415 3.3 195 2000 77.8 77.8 4.25 0.80 1.33 0.55 81 2.26 0.94 32.79 34.19 30.38 35.14 
SHS304L_0.80_2450 FE 304L 415 3.3 195 2450 77.8 77.8 4.25 0.80 1.63 0.55 81 2.26 1.15 28.20 29.93 26.69 31.35 
SHS304L_0.80_3000 FE 304L 415 3.3 195 3000 77.8 77.8 4.25 0.80 2.00 0.55 81 2.26 1.41 23.25 25.62 22.78 26.47 
SHS304L_0.80_3450 FE 304L 415 3.3 195 3450 77.8 77.8 4.25 0.80 2.30 0.55 81 2.26 1.62 19.62 22.63 20.07 22.68 
SHS304L_0.80_4000 FE 304L 415 3.3 195 4000 77.8 77.8 4.25 0.80 2.67 0.55 81 2.26 1.88 15.87 17.30 19.49 18.66 
(1) Experimental result or FE generated result. 
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Table I.4. I-Sections: 3Cr12                 
Material Geometry Slenderness Pu 
Alloy σ0.2% n E0 Le d 2b r t v0 ωd σcr λs λo Test AS(t) AS(d) EC 3 Specimen 
Exp  
/FE 
(1) - MPa - GPa mm mm mm m mm mm mm MPa - - kN kN kN kN 
I3Cr12_1.80_250 FE 3Cr12 328 7.5 208 250 100.0 70.0 4.0 1.80 0.17 0.60 261 1.12 0.24 134.40 151.14 151.14 123.95 
I3Cr12_1.80_500 FE 3Cr12 328 7.5 208 500 100.0 70.0 4.0 1.80 0.33 0.60 261 1.12 0.48 127.35 138.12 128.85 123.95 
I3Cr12_1.80_750 FE 3Cr12 328 7.5 208 750 100.0 70.0 4.0 1.80 0.50 0.60 261 1.12 0.72 118.52 124.68 115.91 110.52 
I3Cr12_1.80_1000 FE 3Cr12 328 7.5 208 1000 100.0 70.0 4.0 1.80 0.67 0.60 261 1.12 0.96 100.41 113.17 102.21 93.68 
I3Cr12_1.80_1250 FE 3Cr12 328 7.5 208 1250 100.0 70.0 4.0 1.80 0.83 0.60 261 1.12 1.19 82.44 101.08 87.23 76.15 
I3Cr12_1.80_1500 FE 3Cr12 328 7.5 208 1500 100.0 70.0 4.0 1.80 1.00 0.60 261 1.12 1.43 65.32 86.52 70.27 60.69 
I3Cr12_1.80_1750 FE 3Cr12 328 7.5 208 1750 100.0 70.0 4.0 1.80 1.17 0.60 261 1.12 1.67 51.73 67.94 55.85 48.47 
I3Cr12_1.80_2000 FE 3Cr12 328 7.5 208 2000 100.0 70.0 4.0 1.80 1.33 0.60 261 1.12 1.91 41.35 52.59 44.92 39.19 
I3Cr12_1.10_250 FE 3Cr12 328 7.5 208 250 99.3 69.3 4.0 1.10 0.17 0.60 98 1.83 0.24 63.42 65.40 65.40 51.12 
I3Cr12_1.10_500 FE 3Cr12 328 7.5 208 500 99.3 69.3 4.0 1.10 0.33 0.60 98 1.83 0.49 58.15 59.90 56.16 51.12 
I3Cr12_1.10_750 FE 3Cr12 328 7.5 208 750 99.3 69.3 4.0 1.10 0.50 0.60 98 1.83 0.73 49.76 54.42 50.87 48.67 
I3Cr12_1.10_1000 FE 3Cr12 328 7.5 208 1000 99.3 69.3 4.0 1.10 0.67 0.60 98 1.83 0.97 40.94 49.72 45.23 43.31 
I3Cr12_1.10_1250 FE 3Cr12 328 7.5 208 1250 99.3 69.3 4.0 1.10 0.83 0.60 98 1.83 1.21 33.07 44.73 39.18 37.36 
I3Cr12_1.10_1500 FE 3Cr12 328 7.5 208 1500 99.3 69.3 4.0 1.10 1.00 0.60 98 1.83 1.46 27.47 38.80 33.46 31.34 
I3Cr12_1.10_1750 FE 3Cr12 328 7.5 208 1750 99.3 69.3 4.0 1.10 1.17 0.60 98 1.83 1.70 22.74 32.54 28.53 25.94 
I3Cr12_1.10_2000 FE 3Cr12 328 7.5 208 2000 99.3 69.3 4.0 1.10 1.33 0.60 98 1.83 1.94 19.18 27.24 24.44 21.46 
I3Cr12_0.80_250 FE 3Cr12 328 7.5 208 250 99.0 69.0 4.0 0.80 0.17 0.60 52 2.52 0.24 40.23 37.62 37.62 28.50 
I3Cr12_0.80_500 FE 3Cr12 328 7.5 208 500 99.0 69.0 4.0 0.80 0.33 0.60 52 2.52 0.49 36.50 34.43 32.30 28.50 
I3Cr12_0.80_750 FE 3Cr12 328 7.5 208 750 99.0 69.0 4.0 0.80 0.50 0.60 52 2.52 0.73 29.89 31.31 29.29 28.11 
I3Cr12_0.80_1000 FE 3Cr12 328 7.5 208 1000 99.0 69.0 4.0 0.80 0.67 0.60 52 2.52 0.98 23.46 28.63 26.08 25.61 
I3Cr12_0.80_1250 FE 3Cr12 328 7.5 208 1250 99.0 69.0 4.0 0.80 0.83 0.60 52 2.52 1.22 19.00 25.78 22.65 22.82 
I3Cr12_0.80_1500 FE 3Cr12 328 7.5 208 1500 99.0 69.0 4.0 0.80 1.00 0.60 52 2.52 1.47 15.44 22.41 19.45 19.84 
I3Cr12_0.80_1750 FE 3Cr12 328 7.5 208 1750 99.0 69.0 4.0 0.80 1.17 0.60 52 2.52 1.71 12.71 18.90 16.71 16.93 
I3Cr12_0.80_2000 FE 3Cr12 328 7.5 208 2000 99.0 69.0 4.0 0.80 1.33 0.60 52 2.52 1.96 10.77 15.97 14.46 14.32 
(1) Experimental result or FE generated result. 
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Table I.4 (Continued). I-Sections: 304       
Material Geometry Slenderness Pu 
Alloy σ0.2% n E0 Le d 2b r t v0 ωd σcr λs λo Test AS(t) AS(d) EC 3 Specimen 
Exp  
/FE 
(1) - MPa - GPa mm mm mm m mm mm mm MPa - - kN kN kN kN 
I304_1.80_250 FE 304 234 6.5 176 250 100.0 70.0 4.0 1.80 0.17 0.60 221 1.03 0.22 94.80 113.89 113.89 94.40 
I304_1.80_500 FE 304 234 6.5 176 500 100.0 70.0 4.0 1.80 0.33 0.60 221 1.03 0.44 87.74 104.42 98.91 94.40 
I304_1.80_750 FE 304 234 6.5 176 750 100.0 70.0 4.0 1.80 0.50 0.60 221 1.03 0.66 79.57 93.50 83.26 85.99 
I304_1.80_1000 FE 304 234 6.5 176 1000 100.0 70.0 4.0 1.80 0.67 0.60 221 1.03 0.88 69.55 84.77 70.90 74.08 
I304_1.80_1250 FE 304 234 6.5 176 1250 100.0 70.0 4.0 1.80 0.83 0.60 221 1.03 1.10 57.96 76.50 58.17 61.34 
I304_1.80_1500 FE 304 234 6.5 176 1500 100.0 70.0 4.0 1.80 1.00 0.60 221 1.03 1.32 47.24 66.84 47.36 49.59 
I304_1.80_1750 FE 304 234 6.5 176 1750 100.0 70.0 4.0 1.80 1.17 0.60 221 1.03 1.54 38.00 54.83 38.78 39.97 
I304_1.80_2000 FE 304 234 6.5 176 2000 100.0 70.0 4.0 1.80 1.33 0.60 221 1.03 1.75 30.70 43.81 32.05 32.51 
I304_1.10_250 FE 304 234 6.5 176 250 99.3 69.3 4.0 1.10 0.17 0.60 83 1.68 0.22 46.93 49.65 49.65 39.17 
I304_1.10_500 FE 304 234 6.5 176 500 99.3 69.3 4.0 1.10 0.33 0.60 83 1.68 0.45 41.07 45.64 43.33 39.17 
I304_1.10_750 FE 304 234 6.5 176 750 99.3 69.3 4.0 1.10 0.50 0.60 83 1.68 0.67 34.89 41.23 37.05 37.85 
I304_1.10_1000 FE 304 234 6.5 176 1000 99.3 69.3 4.0 1.10 0.67 0.60 83 1.68 0.89 29.05 37.69 32.24 34.02 
I304_1.10_1250 FE 304 234 6.5 176 1250 99.3 69.3 4.0 1.10 0.83 0.60 83 1.68 1.11 24.02 34.33 28.00 29.75 
I304_1.10_1500 FE 304 234 6.5 176 1500 99.3 69.3 4.0 1.10 1.00 0.60 83 1.68 1.34 20.34 30.73 24.28 25.32 
I304_1.10_1750 FE 304 234 6.5 176 1750 99.3 69.3 4.0 1.10 1.17 0.60 83 1.68 1.56 17.03 26.76 21.06 21.20 
I304_1.10_2000 FE 304 234 6.5 176 2000 99.3 69.3 4.0 1.10 1.33 0.60 83 1.68 1.78 14.49 22.84 18.31 17.69 
I304_0.80_250 FE 304 234 6.5 176 250 99.0 69.0 4.0 0.80 0.17 0.60 44 2.31 0.22 29.88 28.59 28.59 21.87 
I304_0.80_500 FE 304 234 6.5 176 500 99.0 69.0 4.0 0.80 0.33 0.60 44 2.31 0.45 26.20 26.27 24.94 21.87 
I304_0.80_750 FE 304 234 6.5 176 750 99.0 69.0 4.0 0.80 0.50 0.60 44 2.31 0.67 21.16 23.77 21.40 21.83 
I304_0.80_1000 FE 304 234 6.5 176 1000 99.0 69.0 4.0 0.80 0.67 0.60 44 2.31 0.90 16.80 21.76 18.68 20.03 
I304_0.80_1250 FE 304 234 6.5 176 1250 99.0 69.0 4.0 0.80 0.83 0.60 44 2.31 1.12 13.88 19.86 16.31 18.04 
I304_0.80_1500 FE 304 234 6.5 176 1500 99.0 69.0 4.0 0.80 1.00 0.60 44 2.31 1.35 11.52 17.82 14.24 15.89 
I304_0.80_1750 FE 304 234 6.5 176 1750 99.0 69.0 4.0 0.80 1.17 0.60 44 2.31 1.57 9.58 15.59 12.46 13.72 
I304_0.80_2000 FE 304 234 6.5 176 2000 99.0 69.0 4.0 0.80 1.33 0.60 44 2.31 1.80 8.17 13.41 10.95 11.71 
(1) Experimental result or FE generated result. 
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Table I.4 (Continued). I-Sections: 430       
Material Geometry Slenderness Pu 
Alloy σ0.2% n E0 Le d 2b r t v0 ωd σcr λs λo Test AS(t) AS(d) EC 3 Specimen 
Exp  
/FE 
(1) - MPa - GPa mm mm mm m mm mm mm MPa - - kN kN kN kN 
I430_1.80_250 FE 430 265 6.5 193 250 100.0 70.0 4.0 1.80 0.17 0.60 242 1.05 0.22 111.31 127.68 127.68 105.61 
I430_1.80_500 FE 430 265 6.5 193 500 100.0 70.0 4.0 1.80 0.33 0.60 242 1.05 0.45 107.14 117.02 113.47 105.61 
I430_1.80_750 FE 430 265 6.5 193 750 100.0 70.0 4.0 1.80 0.50 0.60 242 1.05 0.67 101.72 104.73 100.45 95.82 
I430_1.80_1000 FE 430 265 6.5 193 1000 100.0 70.0 4.0 1.80 0.67 0.60 242 1.05 0.89 87.53 94.84 89.16 82.31 
I430_1.80_1250 FE 430 265 6.5 193 1250 100.0 70.0 4.0 1.80 0.83 0.60 242 1.05 1.11 72.57 85.39 76.59 67.92 
I430_1.80_1500 FE 430 265 6.5 193 1500 100.0 70.0 4.0 1.80 1.00 0.60 242 1.05 1.34 57.79 74.47 62.19 54.76 
I430_1.80_1750 FE 430 265 6.5 193 1750 100.0 70.0 4.0 1.80 1.17 0.60 242 1.05 1.56 46.02 60.66 50.04 44.06 
I430_1.80_2000 FE 430 265 6.5 193 2000 100.0 70.0 4.0 1.80 1.33 0.60 242 1.05 1.78 36.86 48.20 40.59 35.79 
I430_1.10_250 FE 430 265 6.5 193 250 99.3 69.3 4.0 1.10 0.17 0.60 91 1.71 0.23 52.31 55.57 55.57 43.76 
I430_1.10_500 FE 430 265 6.5 193 500 99.3 69.3 4.0 1.10 0.33 0.60 91 1.71 0.45 48.81 51.06 49.58 43.76 
I430_1.10_750 FE 430 265 6.5 193 750 99.3 69.3 4.0 1.10 0.50 0.60 91 1.71 0.68 43.17 46.09 44.36 42.18 
I430_1.10_1000 FE 430 265 6.5 193 1000 99.3 69.3 4.0 1.10 0.67 0.60 91 1.71 0.91 35.48 42.08 39.75 37.85 
I430_1.10_1250 FE 430 265 6.5 193 1250 99.3 69.3 4.0 1.10 0.83 0.60 91 1.71 1.13 29.84 38.23 34.86 33.01 
I430_1.10_1500 FE 430 265 6.5 193 1500 99.3 69.3 4.0 1.10 1.00 0.60 91 1.71 1.36 25.02 34.07 30.09 28.02 
I430_1.10_1750 FE 430 265 6.5 193 1750 99.3 69.3 4.0 1.10 1.17 0.60 91 1.71 1.59 20.84 29.50 25.86 23.41 
I430_1.10_2000 FE 430 265 6.5 193 2000 99.3 69.3 4.0 1.10 1.33 0.60 91 1.71 1.81 17.67 25.09 22.26 19.50 
I430_0.80_250 FE 430 265 6.5 193 250 99.0 69.0 4.0 0.80 0.17 0.60 48 2.35 0.23 33.12 31.99 31.99 24.43 
I430_0.80_500 FE 430 265 6.5 193 500 99.0 69.0 4.0 0.80 0.33 0.60 48 2.35 0.46 30.84 29.38 28.53 24.43 
I430_0.80_750 FE 430 265 6.5 193 750 99.0 69.0 4.0 0.80 0.50 0.60 48 2.35 0.68 26.05 26.56 25.58 24.33 
I430_0.80_1000 FE 430 265 6.5 193 1000 99.0 69.0 4.0 0.80 0.67 0.60 48 2.35 0.91 20.83 24.28 22.96 22.30 
I430_0.80_1250 FE 430 265 6.5 193 1250 99.0 69.0 4.0 0.80 0.83 0.60 48 2.35 1.14 17.11 22.10 20.19 20.05 
I430_0.80_1500 FE 430 265 6.5 193 1500 99.0 69.0 4.0 0.80 1.00 0.60 48 2.35 1.37 14.09 19.75 17.53 17.61 
I430_0.80_1750 FE 430 265 6.5 193 1750 99.0 69.0 4.0 0.80 1.17 0.60 48 2.35 1.60 11.70 17.18 15.17 15.17 
I430_0.80_2000 FE 430 265 6.5 193 2000 99.0 69.0 4.0 0.80 1.33 0.60 48 2.35 1.82 10.00 14.73 13.19 12.93 
(1) Experimental result or FE generated result.
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Table I.4 (Continued). I-Sections: Experimental Results 
Material Geometry Slenderness Pu 
Alloy σ0.2% n E0 Le d 2b r t v0 ωd σcr λs λo Test AS(t) AS(d) EC 3 Specimen 
Exp  
/FE 
(1) - MPa - GPa mm mm mm mm mm mm mm MPa - - kN kN kN kN 
I304_500_2 Exp 304 243 3.0 191 637 126.38 96.86 4.33 1.20 0.33 0.42 62 1.98 0.39 55.24 64.09 59.13 50.43 
I304_1000_1 Exp 304 243 3.0 191 1135 126.38 96.86 4.33 1.20 0.75 0.42 62 1.98 0.69 47.25 47.61 49.95 49.36 
I304_1000_2 Exp 304 243 3.0 191 1135 126.38 96.86 4.33 1.20 0.76 0.42 62 1.98 0.69 47.43 47.61 49.95 49.36 
I304_1500_1 Exp 304 243 3.0 191 1635 126.38 96.86 4.33 1.20 1.15 0.42 62 1.98 1.00 38.67 40.50 39.65 43.15 
I304_1500_2 Exp 304 243 3.0 191 1634 126.38 96.86 4.33 1.20 1.09 0.42 62 1.98 1.00 37.63 40.50 39.65 43.15 
I304_2000_1 Exp 304 243 3.0 191 2116 126.38 96.86 4.33 1.20 1.38 0.42 62 1.98 1.29 31.37 33.99 33.14 36.34 
I304_2000_2 Exp 304 243 3.0 191 2116 126.38 96.86 4.33 1.20 1.12 0.42 62 1.98 1.29 31.07 33.99 33.14 36.34 
I304_2500_1 Exp 304 243 3.0 191 2613 126.38 96.86 4.33 1.20 1.14 0.42 62 1.98 1.59 22.71 28.77 27.63 29.38 
I304_2500_2 Exp 304 243 3.0 191 2613 126.38 96.86 4.33 1.20 0.69 0.42 62 1.98 1.59 22.94 28.77 27.63 29.38 
I304_3000_1 Exp 304 243 3.0 191 3115 126.38 96.86 4.33 1.20 1.91 0.42 62 1.98 1.90 20.62 24.44 23.13 23.35 
I304_3000_2 Exp 304 243 3.0 191 3116 126.38 96.86 4.33 1.20 2.05 0.42 62 1.98 1.90 18.30 24.44 23.13 23.35 
I404_500_1 Exp 404 290 9.5 195 635 125.24 96.58 3.11 1.20 0.38 0.45 64 2.13 0.42 69.83 65.33 63.13 55.33 
I404_500_2 Exp 404 290 9.5 195 635 125.24 96.58 3.11 1.20 0.41 0.45 64 2.13 0.42 71.79 65.33 63.13 55.33 
I404_1000_1 Exp 404 290 9.5 195 1135 125.24 96.58 3.11 1.20 0.73 0.45 64 2.13 0.75 56.53 59.18 56.54 53.57 
I404_1000_2 Exp 404 290 9.5 195 1135 125.24 96.58 3.11 1.20 0.79 0.45 64 2.13 0.75 56.22 59.18 56.54 53.57 
I404_1500_1 Exp 404 290 9.5 195 1636 125.24 96.58 3.11 1.20 1.27 0.45 64 2.13 1.08 40.96 53.48 48.28 46.36 
I404_1500_2 Exp 404 290 9.5 195 1635 125.24 96.58 3.11 1.20 1.26 0.45 64 2.13 1.08 42.00 53.48 48.28 46.36 
I404_2000_1 Exp 404 290 9.5 195 2115 125.24 96.58 3.11 1.20 1.56 0.45 64 2.13 1.40 37.91 45.32 39.60 38.53 
I404_2000_2 Exp 404 290 9.5 195 2115 125.24 96.58 3.11 1.20 1.40 0.45 64 2.13 1.40 37.48 45.32 39.60 38.53 
I404_2500_1 Exp 404 290 9.5 195 2613 125.24 96.58 3.11 1.20 1.59 0.45 64 2.13 1.72 29.90 35.46 32.10 30.72 
I404_2500_2 Exp 404 290 9.5 195 2615 125.24 96.58 3.11 1.20 1.80 0.45 64 2.13 1.72 27.24 35.46 32.10 30.72 
I404_3000_1 Exp 404 290 9.5 195 3117 125.24 96.58 3.11 1.20 1.85 0.45 64 2.13 2.06 21.20 28.24 26.27 24.29 
I404_3000_2 Exp 404 290 9.5 195 3115 125.24 96.58 3.11 1.20 1.18 0.45 64 2.13 2.06 24.42 28.24 26.27 24.29 
(1) Experimental result or FE generated result.
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Table I.5. I-Sections: Accuracy of the Solution 
Specimen ALLSD ALLSE ALLPD ALLIE μ1 Step 1 μ2 Step 2 SD/SE 
 J J J J - mm - mm % 
Verification          
I304_1.20_636 0.0003  27.4 69.6 97.1 0.0002 0.05 - - 0.001 
I304_1.20_1135 0.0025  38.2 55.8 94.1 0.0005 0.1 - - 0.007 
I304_1.20_1635 0.0071  38.9 37.0 76.0 0.001 0.1 0.0001 0.65 0.018 
I304_1.20_2118 0.0199  48.1 18.1 66.2 0.0005 0.1 - - 0.041 
I304_1.20_2613 0.2215  14.7 2.5 17.2 0.004 0.1 0.0002 0.8 1.506 
I304_1.20_3115 0.0172  24.8 9.7 34.5 0.005 0.1 0.0002 0.8 0.069 
I404_1.20_636 0.0003  33.4 76.9 110.3 0.0002 0.05 - - 0.001 
I404_1.20_1135 0.0026  43.5 13.4 56.9 0.0005 0.1 - - 0.006 
I404_1.20_1635 0.0261  51.5 24.0 75.5 0.001 0.1 0.0001 0.65 0.051 
I404_1.20_2118 0.0199  48.1 18.1 66.2 0.0005 0.1 - - 0.041 
I404_1.20_2613 0.2260  18.3 0.2 18.4 0.004 0.1 0.0002 0.8 1.235 
I404_1.20_3115 0.0174  38.2 4.6 42.8 0.005 0.1 0.0002 0.8 0.045 
Parametric Studies          
I3Cr12_1.80_250 0.0163  30.0 32.0 62.0 0.0004 0.15 - - 0.054 
I3Cr12_1.80_500 0.0006  46.0 27.0 73.0 0.0005 0.1 - - 0.001 
I3Cr12_1.80_750 0.0260  54.0 20.0 74.0 0.0002 0.45 - - 0.048 
I3Cr12_1.80_1000 0.0260  50.0 10.0 60.0 0.0002 0.5 - - 0.052 
I3Cr12_1.80_1250 0.0200  40.0 6.5 46.5 0.0002 0.5 - - 0.050 
I3Cr12_1.80_1500 0.0180  32.0 3.9 35.9 0.0002 0.5 - - 0.056 
I3Cr12_1.80_1750 0.0450  24.0 1.8 25.8 0.0002 0.5 - - 0.188 
I3Cr12_1.80_2000 0.0740  19.0 1.0 20.0 0.0002 0.6 - - 0.389 
I3Cr12_1.10_250 0.0077  14.0 17.0 31.0 0.002 0.05 - - 0.055 
I3Cr12_1.10_500 0.0006  25.0 18.0 43.0 0.0005 0.1 - - 0.002 
I3Cr12_1.10_750 0.0180  25.0 9.0 34.0 0.0005 0.1 - - 0.072 
I3Cr12_1.10_1000 0.0013  22.0 4.3 26.3 0.0002 0.2 - - 0.006 
I3Cr12_1.10_1250 0.0224  17.0 2.0 19.0 0.0015 0.1 - - 0.132 
I3Cr12_1.10_1500 0.0162  13.0 0.9 13.9 0.0008 0.1 - - 0.125 
I3Cr12_1.10_1750 0.0426  10.0 0.4 10.4 0.0002 0.1 - - 0.426 
I3Cr12_1.10_2000 0.0121  9.0 0.3 9.3 0.0004 0.1 - - 0.134 
I3Cr12_0.80_250 0.0030  9.1 11.0 20.1 0.002 0.05 - - 0.033 
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Table I.5 (Continued). I-Sections: Accuracy of the Solution 
Specimen ALLSD ALLSE ALLPD ALLIE μ1 Step 1 μ2 Step 2 SD/SE 
 J J J J - mm - mm % 
I3Cr12_0.80_500 0.0090  16.0 12.0 28.0 0.0005 0.1 - - 0.056 
I3Cr12_0.80_750 0.0156  16.0 5.8 21.8 0.0005 0.1 - - 0.098 
I3Cr12_0.80_1000 0.0136  14.0 3.0 17.0 0.0002 0.1 - - 0.097 
I3Cr12_0.80_1250 0.0214  12.0 1.4 13.4 0.0005 0.1 - - 0.178 
I3Cr12_0.80_1500 0.0106  8.7 0.6 9.3 0.0005 0.1 - - 0.121 
I3Cr12_0.80_1750 0.0110  6.7 0.3 7.0 0.0005 0.1 - - 0.165 
I3Cr12_0.80_2000 0.0090  5.5 0.2 5.6 0.0005 0.1 - - 0.164 
I304_1.80_250 0.0013  20.0 40.0 60.0 0.001 0.09 - - 0.007 
I304_1.80_500 0.0004  29.0 27.0 56.0 0.0005 0.1 - - 0.002 
I304_1.80_750 0.0217  34.0 18.0 52.0 0.0002 0.45 - - 0.064 
I304_1.80_1000 0.0150  31.0 11.0 42.0 0.0002 0.5 - - 0.048 
I304_1.80_1250 0.0150  26.0 6.0 32.0 0.0002 0.5 - - 0.058 
I304_1.80_1500 0.0140  21.0 2.8 23.8 0.0002 0.5 - - 0.067 
I304_1.80_1750 0.0188  17.0 1.7 18.7 0.0002 0.5 - - 0.111 
I304_1.80_2000 0.0676  14.0 1.1 15.1 0.0002 0.62 - - 0.483 
I304_1.10_250 0.0240  12.0 24.0 36.0 0.001 0.09 - - 0.200 
I304_1.10_500 0.0002  18.0 18.0 36.0 0.0005 0.05 - - 0.001 
I304_1.10_750 0.0113  16.0 8.2 24.2 0.0005 0.1 - - 0.071 
I304_1.10_1000 0.0092  14.0 4.1 18.1 0.0002 0.2 - - 0.066 
I304_1.10_1250 0.0067  11.0 1.7 12.7 0.0015 0.1 - - 0.061 
I304_1.10_1500 0.0124  9.0 0.6 9.6 0.0008 0.1 - - 0.137 
I304_1.10_1750 0.0324  7.0 0.3 7.3 0.0002 0.1 - - 0.463 
I304_1.10_2000 0.0092  5.8 0.1 5.9 0.0004 0.1 - - 0.159 
I304_0.80_250 0.0037  8.2 16.0 24.2 0.001 0.05 - - 0.045 
I304_0.80_500 0.0006  12.0 11.0 23.0 0.0005 0.05 - - 0.005 
I304_0.80_750 0.0119  11.0 5.1 16.1 0.0005 0.1 - - 0.108 
I304_0.80_1000 0.0104  9.3 2.6 11.9 0.0002 0.1 - - 0.112 
I304_0.80_1250 0.0278  7.1 1.0 8.1 0.0005 0.1 - - 0.392 
I304_0.80_1500 0.0080  6.0 0.5 6.5 0.0005 0.1 - - 0.134 
I304_0.80_1750 0.0060  4.7 0.2 4.9 0.0004 0.1 - - 0.128 
I304_0.80_2000 0.0053  3.6 0.1 3.7 0.0004 0.1 - - 0.146 
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Table I.5 (Continued). I-Sections: Accuracy of the Solution 
Specimen ALLSD ALLSE ALLPD ALLIE μ1 Step 1 μ2 Step 2 SD/SE 
 J J J J - mm - mm % 
I430_1.80_250 0.0137  20.0 27.0 47.0 0.0002 0.15 - - 0.069 
I430_1.80_500 0.0003  31.0 24.0 55.0 0.0005 0.05 - - 0.001 
I430_1.80_750 0.0127  40.0 23.0 63.0 0.0002 0.35 - - 0.032 
I430_1.80_1000 0.0108  38.0 15.0 53.0 0.0002 0.4 - - 0.028 
I430_1.80_1250 0.0163  32.0 9.6 41.6 0.0002 0.45 - - 0.051 
I430_1.80_1500 0.0161  25.0 5.7 30.7 0.0002 0.45 - - 0.064 
I430_1.80_1750 0.0202  19.0 3.2 22.2 0.0002 0.45 - - 0.106 
I430_1.80_2000 0.0410  16.0 2.4 18.4 0.0002 0.5 - - 0.256 
I430_1.10_250 0.0012  10.0 15.0 25.0 0.001 0.1 - - 0.012 
I430_1.10_500 0.0002  17.0 16.0 33.0 0.0005 0.05 - - 0.001 
I430_1.10_750 0.0175  19.0 10.0 29.0 0.0005 0.1 - - 0.092 
I430_1.10_1000 0.0131  16.0 5.0 21.0 0.0002 0.1 - - 0.082 
I430_1.10_1250 0.0086  14.0 3.0 17.0 0.0015 0.1 - - 0.061 
I430_1.10_1500 0.0158  11.0 1.6 12.6 0.0008 0.1 - - 0.144 
I430_1.10_1750 0.0138  8.5 1.0 9.5 0.0005 0.1 - - 0.163 
I430_1.10_2000 0.0084  7.0 0.7 7.7 0.0008 0.1 - - 0.120 
I430_0.80_250 0.0002  6.2 9.2 15.4 0.001 0.04 - - 0.004 
I430_0.80_500 0.0008  11.0 10.0 21.0 0.0005 0.05 - - 0.007 
I430_0.80_750 0.0152  12.0 6.3 18.3 0.0005 0.1 - - 0.127 
I430_0.80_1000 0.0133  11.0 3.6 14.6 0.0002 0.1 - - 0.121 
I430_0.80_1250 0.0155  9.0 2.0 11.0 0.0015 0.1 - - 0.172 
I430_0.80_1500 0.0103  7.0 1.0 8.0 0.0005 0.1 - - 0.147 
I430_0.80_1750 0.0108  5.3 0.6 5.9 0.0005 0.1 - - 0.203 
I430_0.80_2000 0.0088  4.1 0.3 4.4 0.0005 0.1 - - 0.215 
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Figure I.1. Strength Curve of 3Cr12 Lipped Channels with λs = 1.1 
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Figure I.2. Strength Curve of 3Cr12 Lipped Channels with λs = 1.6 
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Figure I.3. Strength Curve of 3Cr12 Lipped Channels with λs = 2.4 
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Figure I.4. Strength Curve of 304 Lipped Channels with λs = 1.1 
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Figure I.5. Strength Curve of 304 Lipped Channels with λs = 1.7 
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Figure I.6. Strength Curve of 304 Lipped Channels with λs = 2.4 
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Figure I.7. Strength Curve of 430 Lipped Channels with λs = 1.1 
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Figure I.8. Strength Curve of 430 Lipped Channels with λs = 1.6 
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Figure I.9. Strength Curve of 430 Lipped Channels with λs = 2.4 
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Figure I.10. Strength Curve of 3Cr12 Plain Channels with λs = 1.2 
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Figure I.11. Strength Curve of 3Cr12 Plain Channels with λs = 1.8 
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Figure I.12. Strength Curve of 3Cr12 Plain Channels with λs = 2.5 
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Figure I.13. Strength Curve of 304 Plain Channels with λs = 1.1 
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Figure I.14. Strength Curve of 304 Plain Channels with λs = 1.6 
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Figure I.15. Strength Curve of 304 Plain Channels with λs = 2.3 
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Figure I.16. Strength Curve of 430 Plain Channels with λs = 1.1 
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 Figure I.17. Strength Curve of 430 Plain Channels with λs = 1.6 
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Figure I.18. Strength Curve of 430 Plain Channels with λs = 2.3
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Figure I.19. Strength Curve of 301LN SHS with λs = 0.69 
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Figure I.20. Strength Curve of 304 SHS with λs = 0.78 
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Figure I.21. Strength Curve of 301LN SHS with λs = 0.82 
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Figure I.22. Strength Curve of 301LN SHS with λs = 0.83 
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Figure I.23. Strength Curve of Duplex SHS with λs = 0.92 
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Figure I.24. Strength Curve of 301LN SHS with λs = 0.96 
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Figure I.25. Strength Curve of 304L SHS with λs = 1.1 
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Figure I.26. Strength Curve of 304L SHS with λs = 1.7 
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Figure I.27. Strength Curve of 304L SHS with λs = 2.3 
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Figure I.28. Strength Curve of 304 RHS with λs = 0.85 
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Figure I.29. Strength Curve of 304 RHS with λs = 0.93 
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Figure I.30. Strength Curve of Duplex RHS with λs = 0.99 
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Figure I.31. Strength Curve of 304 RHS with λs = 1.14 
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Figure I.32. Strength Curve of Duplex RHS with λs = 1.27 
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Figure I.33. Strength Curve of 304 I-sections with λs = 2.0 
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Figure I.34. Strength Curve of 404 I-sections with λs = 2.1
 
Appendix I                          Summary of Numerical and Experimental Data 
 
 I-38
0
50
100
150
200
0 500 1000 1500 2000 2500
Le (mm)
P
u (
kN
)
0
0.25
0.5
0.75
1
0 0.5 1 1.5 2
λo
P
u/P
0.
2%
 FE
 AS4673:2001 Tangent Approach
 AS4673:2001 Direct Approach
 prEN 1993-1-4:2004
 Elastic Local Buckling
3Cr12
λs = 1.1
 
Figure I.35. Strength Curve of 3Cr12 I-sections with λs = 1.1 
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Figure I.36. Strength Curve of 3Cr12 I-sections with λs = 1.8 
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Figure I.37. Strength Curve of 3Cr12 I-sections with λs = 2.5 
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Figure I.38. Strength Curve of 304 I-sections with λs = 1.0 
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Figure I.39. Strength Curve of 304 I-sections with λs = 1.7 
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Figure I.40. Strength Curve of 304 I-sections with λs = 2.3 
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Figure I.41. Strength Curve of 430 I-sections with λs = 1.0 
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Figure I.42. Strength Curve of 430 I-sections with λs = 1.7 
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Figure I.43. Strength Curve of 430 I-sections with λs = 2.3 
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Appendix J contains sample calculations of the capacity of stainless steel lipped 
channel, plain channel, RHS and back-to-back channel columns according to AS/NZS 
4673 (2004) and prEN 1993-1-4 (2004). 
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